Dibaryon model for nuclear force and the properties of the $3N$ system by Pomerantsev, V. N. et al.
ar
X
iv
:n
uc
l-t
h/
05
03
04
6v
1 
 1
7 
M
ar
 2
00
5
Dibaryon model for nulear fore and the properties of the 3N
system
V. N. Pomerantsev, V. I. Kukulin, V. T. Voronhev, and A. Faessler
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Institute of Nulear Physis, Mosow State University, Russia.
The dibaryon model for NN interation, whih implies the formation of an inter-
mediate six-quark bag dressed by a σ-field, is applied to the 3N system, where it
results in a new three-body fore of salar nature between the six-quark bag and a
third nuleon. A new multiomponent formalism is developed to desribe three-body
systems with nonstati pairwise interations and non-nuleoni degrees of freedom.
Preise variational alulations of 3N bound states are arried out in the dressed-
bag model inluding the new salar three-body fore. The unified oupling onstants
and form fators for 2N and 3N fore operators are used in the present approah,
in a sharp ontrast to onventional meson-exhange models. It is shown that this
three-body fore gives at least half the 3N total binding energy, while the weight of
non-nuleoni omponents in the
3
H and
3
He wavefuntions an exeed 10%. The
new fore model provides a very good desription of 3N bound states with a reason-
able magnitude of the σNN oupling onstant. A new Coulomb 3N fore between
the third nuleon and dibaryon is found to be very important for a orret desription
of the Coulomb energy and r.m.s. harge radius in
3
He. In view of the new results
for Coulomb displaement energy obtained here for A = 3 nulei, an explanation for
the long-term NolenShiffer paradox in nulear physis is suggested. The role of the
harge-symmetry-breaking effets in the nulear fore is disussed.
1. INTRODUCTION. CURRENT PROBLEMS IN A CONSISTENT DESCRIPTION
OF NN AND 3N SYSTEMS WITH TRADITIONAL FORCE MODELS
A few historial remarks should be done at first. Current rather high ativity in
few-body physis started sine the beginning of 1960-s, after mathematial formulation
of the Faddeev equations for three-body problem. The aim was laimed to establish
unambiguously off-shell properties of the two-body t-matrix, whih annot be derived
from two-body sattering data only. It has been hoped in that time that just aurate
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2solving 3N sattering problem is able to put strong onstraints for the off-shell properties
of the two-nuleon t-matrix. However, more than forty years passed sine that, but still
now we are unable to formulate suh a two-nuleon t-matrix, whih an explain fully
quantitatively the properties of even 3N systems.
Moreover, from that time, many puzzles in few-nuleon sattering experiments have
been revealed whih ould not be explained by the urrent fore models based on Yukawa
onept. Among all suh puzzles, we mention here only the most remarkable ones, suh
as the Ay puzzle in ~N + d and ~N +
3He sattering [1, 2℄, disagreements at the minima of
differential ross setions (Sagara puzzle) at E ∼ 150200 MeV and polarization data for
N+~d [3℄, ~N+d, ~N+~d [4℄, and ~N+3He sattering, and many others. The strongest disrep-
any between urrent theories and respetive experiments has been found in studies of the
short-range NN orrelations in the 3He(e, e′pp) [5℄, 4He(γ, pp) [6℄, and 3He(e, e′NN) [7℄
proesses. In addition to these partiular problems, there are more fundamental problems
in the urrent theory of nulear fores, e.g., strong disrepanies between the πNN , πN∆,
and ρNN form fators used both in one-boson-exhange (OBE) models for the desription
of elasti and inelasti sattering and in the onsistent parametrization of 2N and 3N
fores [811℄. Many of these diffiulties are attributed to a rather poor knowledge of the
short-range behavior of nulear fores. This behavior was traditionally assoiated with
the vetor ω-meson exhange. However, the harateristi range of this ω-exhange (for
mω ≃ 780 MeV) is equal to about λω ≃ 0.20.3 fm, i.e., is deeply inside the internuleon
overlap region.
In fat, sine Yukawa the nuleon-nuleon interation is explained by a t-hannel
exhange of mesons between two nuleons. The very suessful Bonn, Nijmegen, Argonne,
and other modern NN potentials prove the suess of this approah. But the short- and
intermediate-range region in these potentials is more parametrized than parameter-free
mirosopially desribed.
Besides of the evident diffiulties with the desription for short-range nulear fore
there are also quite serious problems with onsistent desription of basi intermediate-
range attration between nuleons. In the traditional OBE models this attration is
desribed as a t-hannel σ-exhange with the artifiially enhaned σNN verties. How-
ever, the aurate modern alulations of the intermediate-range NN interation [12, 13℄
within the 2π-exhange model with the ππ s-wave interation have revealed that this
t-hannel mehanism annot give a strong intermediate-range attration in the NN se-
tor, whih is neessary for binding of a deuteron and fitting the NN phase shifts. This
3onlusion has also been orroborated by reent independent alulations [14℄. Thus, the
t-hannel mehanism of the σ-meson exhange should be replaed by some other alterna-
tive mehanism, whih should result in the strong intermediate-range attration required
by even existene of nulei.
When analyzing the deep reasons for all these failures, we must look on a most general
element, whih is ommon for all the numerous NN fore models tested in few-nuleon
alulations for last 40 years. This ommon element is just the Yukawa onept for
the strong interation of nuleons in nulei. Hene, if, after more than 40 years of de-
velopment, we are still unable to explain quantitatively and onsistently even the basi
properties of 3N and 4N systems at low energies and relatively simple proesses like
pp → ppγ, this onept, whih is a ornerstone of all building of nulear physis, should
be analyzed ritially, espeially in the regions where appliability of this onept looks
rather questionable.
Sine the quark piture and QCD have been developed, the "nuleon-nuleon fore
ommunity" is more and more onvined that at short ranges the quark degrees of freedom
must play an important role. One of possible mehanisms for short-range NN interation
is the formation of the six-quark bag (dibaryon) in the s-hannel. Qualitatively many
would agree with this statement. But to obtain a quantitative desription of the nuleon-
nuleon and the few-nuleon experimental data with this approah with the same quality
as the ommonly used Bonn, Nijmegen, Argonne, and other equivalent potentials is a
quite different problem.
Within the 6q dynamis it has long been known [1519℄ that the mixing of the om-
pletely symmetri s6[6] omponent with the mixed-symmetry s4p2[42] omponent an
determine the struture of the whole short-range interation (in the S-wave)2). Assum-
ing a reasonable qq interation model, many authors (see, e.g., [2023℄) have suggested
that this mixture will result in both strong short-range repulsion (assoiated mainly with
the s6 omponent) and intermediate-range attration (assoiated mainly with the above
mixed-symmetry s4p2 omponent). However, reent studies [22, 23℄ for NN sattering on
the basis of the newly developed Goldstone-boson-exhange (GBE) qq interation have
resulted in a purely repulsive NN ontributions from both s6[6] and s4p2[42] 6q ompo-
nents. There is no need to say that any quark-motivated model for the NN fore with
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4π-exhange between quarks inevitably leads to the well-established Yukawa π-exhange
interation between nuleons at long distanes.
Trying to solve the above problems (and to understand more deeply the mehanism
for the intermediate- and short-range NN interation), the MosowTubingen group
suggested to replae the onventional Yukawa meson-exhange (t-hannel) mehanism (at
intermediate and short ranges) by the ontribution of a s-hannel mehanism desribing
the formation of a dressed 6q bag in the intermediate state suh as |s6 + σ〉 or |s6 +
2π〉 [8, 24℄. It has been shown that, due to the hange in the symmetry of the 6q state
in the transition from the NN hannel to the intermediate dressed-bag state, the strong
salar σ-field arises around the symmetri 6q bag. This intensive σ-field squeezes the bag
and inreases its density [25℄. The high quark density in the symmetri 6q bag enhanes
the meson field flutuations around the bag and thereby partially restores the hiral
symmetry [26℄. Therefore, the masses of onstituent quarks and σ mesons derease [8℄.
As a result of this phase transition, the dressed bag mass dereases onsiderably (i.e., a
large gain in energy arises), whih manifests itself as a strong effetive attration in the
NN hannel at intermediate distanes. The ontribution of the s-hannel mehanism
would generally be muh larger due to resonane-like enhanement
3)
.
In our previous works [8, 24℄ on the basis of the above arguments we proposed a new
dibaryon model for the NN interation (referred further to as the dressed-bag model
(DBM)),whih provided a quite good desription of both NN phase shifts up to 1 GeV
and the deuteron struture. The developed model inludes the onventional t-hannel
ontributions (Yukawa π- and 2π-exhanges) at long and intermediate distanes and the
s-hannel ontributions due to the formation of intermediate dressed-bag states at short
distanes. The most important distintion of suh an approah from onventional models
for nulear fores is the expliit appearane of a non-nuleoni omponent in the total
wavefuntion of the system, whih neessarily implies the presene of new three-body
fores (3BF) of several kinds in the 3N system. These new 3BF differ from onvention-
ally used models for three-body fores. One important aspet of the novel 3BF should be
emphasized here. In onventional OBE models, the main ontribution to NN attration
is due to the t-hannel σ-exhange. However, the 3BF models suggested until now (suh
3)
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hannel mehanism an be assoiated with the diret nulear
reation, where only a few degrees of freedom are important, while the s-hannel mehanism an be
assoiated with resonane-like (or ompound-nuleus-like) nulear reations with muh larger ross
setions at low energies.
5as UrbanaIllinois or TusonMelbourne) are mainly based on the 2π-exhange with in-
termediate ∆-isobar prodution, and the σ-exhange is either not taken into aount at
all, or is of little importane in these models. In ontrast, the σ-exhange in our approah
dominates in both NN and 3N fores. In fat, in our approah just the unified strong
σ-field ouples both two- and three (and more)-nuleon systems, i.e., the general pattern
of the nulear interation appears to be more onsistent.
Our reent onsiderations have revealed that this dibaryon mode is extremely useful
in the explanation of very numerous fats and experimental results in nulear physis, in
general. We note here only a few of them.
1. The presene of dibaryon degree of freedom (DDF) an result in very natural ex-
planation of umulative effets (e.g., the prodution of umulative partiles in high-
energy ollisions [27℄).
2. DDF leads to automati enhanement of near-threshold ross setions for one- and
two-meson prodution in pp, pd, et. ollisions, whih is required by many mod-
ern experiments (e.g., the so-alled ABC puzzle [28℄). This is due to an effetive
enhanement of mesondibaryon oupling as ompared to mesonnuleon oupling.
3. The inorporation of DDF makes it possible (without the artifiial enhanement
of mesonnuleon form fators) to share the large momentum of an inident probe
(e.g., high-energy photon) among other nuleons in the target nuleus.
4. The DDF produes in a very natural way a new short-range urrents required by
almost all experiments assoiated with high momentum and energy transfers.
5. Presene of the dressed 6q bag omponents in nulear wave funtions leads automat-
ially to a smooth mathing between the nuleoni (at low momentum transferred)
and quark urrents (at very high momentum transferred) and, at the same time,
results in a orret ounting rules at high momentum transferred.
So, it should be very important to test the above dibaryon onept of nulear fore
in a onise and onsistent 3N alulations and to ompare the preditions of the new
model with the results of the onventional meson-exhange models.
Thus, the aim of this work is to make a omprehensive study of the properties of
the 3N system with NN and 3N fores given by the DBM. However, DBM introdues
expliitly non-nuleoni (quarkmeson) hannels. Therefore, it is neessary to introdue
6a selfonsistent multihannel few-body formalism for the study of 3N system with DBM
interation. We develope in this work suh a general formalism, based on the approah
whih was suggested in 1980-s by Merkuriev's group [2931℄ for the boundary-ondition-
type model for pairwise interations. This general formalism leads immediately to a
replaement of all two-body fores related to the dibaryon mehanism to the respetive
three (and many)-body fores, leaving two-body harater only for long-range Yukawa
π and 2π exhanges, whih are of little importane for the nulear binding. Another
straightforward sequene of the formalism developed here is a strong energy dependene
of these many-body fores. In the work we study all these aspets in detail when applying
to the 3N system properties. The preliminary version of this work is published in [32℄.
This paper is organized as follows. In Setion 2, we present a new general multihannel
formalism for desription of two- and three-body system of partiles having inner degrees
of freedom. In Setion 3, we give a brief desription of the DBM for the NN system.
In Setion 4, we treat the 3N system with DBM interations, inluding a new 3BF. In
Setion 5, some details of our variational method are disussed, inluding alulation of
the matrix elements for new Coulomb 3BF. The results of our alulations for ground
states of
3
H and
3
He are given in Setion 6 while in Setion 7 we disuss the role of the
new three-body fore and present a new explanation for the Coulomb displaement energy
in
3
He within our interation model. A omprehensive disussion of the most important
results found in the work is given in Setion 8. In the Conlusion we summarize the main
results of the work. In the Appendix we give the formulas for the matrix elements of all
DBM interations taken in the Gaussian symmetrized variational basis.
2. THE GENERAL MULTICOMPONENT FORMALISM FOR 2N AND 3N
SYSTEMS WITH COUPLED INTERNAL AND EXTERNAL CHANNELS
In 1980-s, the former Leningrad group (Merkuriev, Motovilov, Makarov, Pavlov, et al.)
has onstruted and substantiated with mathematial rigor a model of strong interation
with the oupling of external and internal hannels [2931, 33℄. This model was a parti-
ular realization of a general approah to interation of partiles having inner degrees of
freedom. The basi physial hypothesis is that an energy-dependent interation appears
as a result of internal struture of interating partiles
4)
. A general sheme proposed by
4)
From more general point of view, the expliit energy dependene of interation reflets its nonloality
in the time, while this time nonloality, in its turn, is a result of some exluded degrees of freedom. So,
7Merkuriev et al. has been based on assumption on existene of two independent hannels:
external one, whih desribes the motion of partiles onsidered as elementary bodies, i.e.,
negleting their inner struture, and internal one, whih desribes the dynamis of inner
degrees of freedom. These hannels an have quite different physial and mathematial
nature and their dynamis are governed by independent Hamiltonians. The main issues
here were  how to define the oupling between external and internal hannels and how to
derive orresponding dynamial equations (of Shrodinger or Faddeev type) for partile
motion in the external hannel.
In [2931℄ this oupling has been postulated via boundary onditions on some hyper-
surfae. Thus, suh an approah is well appliable to hybrid models for NN interation,
whih were rather popular in 1980-s, e.g., the quark ompound bag (QCB) model sug-
gested by Simonov [34℄. As for the 3N system, the formalism of inorporation of the
internal hannels (6q bags) has been proposed for the first time also within the QCB
model [35℄. The general sheme by Merkuriev et al. has allowed to substantiate this
formalism.
In QCB-like models the oupling between the external (NN) and the inner (bag) han-
nels is given just on some hypersurfae, similarly to the well-known R-matrix approah in
nulear physis. Later on, suh a general approah has been applied to the two-hannel
Hamiltonian model, where the internal Hamiltonian had pure disrete spetrum and the
only restrition imposed on the operators oupling the external and internal hannels
was their boundness [33℄. The above general multihannel sheme has straightforwardly
been extended to three-body problem. In partiular, it has been shown for the two above
models that elimination of the internal hannels leads to the following reipe for em-
bedding the energy-dependent pair interations into three-body problem: replaement of
pair energy by differene between three-body energy and kineti energy of third partile:
εα → E − tα [31, 33℄. It has also been proved that the resulted Faddeev equations for
external hannel belong with suh energy-dependent potentials to the Fredholm lass and
are equivalent to four-hannel Shrodinger equation.
Our aim here is to extend our new NN fore model  DBM  by using the above
Merkuriev et al. approah to the 3N system. There are external (nuleonnuleon)
and internal (quarkmeson) hannels in our model, and oupling between them is deter-
mined within a mirosopial quarkmeson approah. In this setion we present a general
the expliit energy dependene is signalling about some inner hidden (e.g., quark) degrees of freedom
in NN interation.
8multiomponent formalism for desription of systems of two and three partiles having
internal struture, without assuming any speifi form for oupling between the external
and internal hannels.
2.1. Two-body system
We adopt that the total dynamis in two-body system is governed by a selfonjugated
Hamiltonian h ating in the orthogonal sum of spaes:
H = Hex ⊕Hin,
where Hex is the external Hilbert spae of states desribing motion of partiles negleting
their internal struture and Hin is the internal Hilbert spae orresponding to internal
degrees of freedom. Thus the total state of the system Ψ∈H an be written as a two-
omponent olumn:
Ψ =

 Ψex ∈Hex
Ψin ∈Hin

.
The two spaes, Hex and Hin, an have quite different nature, e.g., in the ase of NN
system Ψex depends on the relative oordinate (or momentum) of two nuleons and their
spins, while Ψin an depend on quark and meson variables. The two independent Hamil-
tonians are defined in eah of these spaes: hex ats in Hex and hin ats in Hin. Here hex
inludes the kineti energy of relative motion and some part of two-body interation vex:
hex = t+ vex.
ForNN system vex inludes the peripheral part of meson-exhange potential and Coulomb
interation between nuleons (if they are protons). Coupling between external and in-
ternal hannels is determined formally by some transition operators: hex,in = (hin,ex)∗.
Further, one an write down the total Hamiltonian h as a matrix operator:
h =

 hex hex,in
hin,ex hin

, (1)
not speifying so far the oupling operators (if operators hex and hin are self-adjoint and
hex,in is bounded then the Hamiltonian h is the self-adjoint operator in H).
Thus one an write down the two-omponent Shrodinger equation
hΨ = EΨ,
9and by exluding the internal hannel wavefuntion one obtains an effetive Shrodinger
equation in the external hannel
heff(E)Ψex = EΨex (2)
with an effetive pseudo-Hamiltonian:
heff(E) = hex + hex,in gin(E) hin,ex = t+ vex + w(E), (3)
whih depends on energy E via the resolvent of internal Hamiltonian gin(E) = (E−hin)−1.
(From mathematial point of view, an operator depending on the spetral parameter is
not operator in all, beause its domain depends on the spetral parameter. Thus, this
objet should not be alled Hamiltonian. However, physiists do not turn their attention
to the fat and use energy-dependent interations very widely.)
Having the solutionΨex of effetive equation (2), one an restore the exluded internal
state unambiguously:
Ψin = gin(E)hin,exΨex. (4)
2.2. Three-body system
In three-body system we have three different internal spaes Hini (i = 1, 2, 3) and one
ommon external spae Hex3 . The three-body internal spae Hini is a diret produt of
the two-body internal spae related to the pair (jk) and single-partile spae desribing
motion of third partile (i). Here we use the onventional numbering of partiles: (ijk) =
(123), (231), (312). The own three-body Hamiltonian ats in eah internal spae as:
H ini = h
in
jk ⊗ Ii + Ijk ⊗ ti; (ijk) = (123), (231), (312), (5)
where hinjk is the two-body internal Hamiltonian for the pair (jk), I is unity operator and
ti is kineti energy of third partile (i) in respet to the enter of mass of the pair (jk).
(Here and below we use apital letters for three-body quantities and small letters for
two-body ones.)
The external three-body Hamiltonian ats in the external spae Hex3 and inludes the
total kineti energy T and the sum of external two-body interations, whih were inor-
porated to the external two-body Hamiltonians:
Hex3 = T +
∑
i<j
vexij .
10
A state in the full three-body Hilbert spae
H3 = Hex3 ⊕
∑
i
Hini
an be written as a four-omponent olumn:
Ψ3 =


Ψex
Ψin1
Ψin2
Ψin3

.
Thus, the total Hamiltonian, H3, of the three-body system ating in H3 an be written
as (4× 4) matrix:
H3 =


Hex Hex,in1 H
ex,in
2 H
ex,in
3
H in,ex1 H
in
1 0 0
H in,ex2 0 H
in
2 0
H in,ex3 0 0 H
in
3

. (6)
Here we suppose:
(i) there is no diret oupling between different internal hannels Hini and Hinj for i 6= j;
(ii) the hannel oupling operators do not involve the third (free) partile:
Hex,ini = h
ex,in
jk ⊗ Ii. (7)
Writing the four-omponent Shrodinger equation with Hamiltonian (6):
H3Ψ3 = EΨ3, (8)
and exluding three internal hannels from it (it is simple due to the supposed absene of
diret oupling between different internal hannels), one obtains an effetive Shrodinger
equation for the external three-body wavefuntion Ψex3 :
Heff3 (E)Ψ
ex
3 = EΨ
ex
3 (9)
with an effetive (pseudo)Hamiltonian:
Heff3 (E) = H
ex
3 +
∑
i
Hex,ini G
in
i (E)H
in,ex
i , (10)
where the resolvent of internal Hamiltonian Gini is a onvolution of the two-body internal
resolvent ginjk of pair (jk) and the free motion resolvent for the third partile (i):
Gini = (E −H ini )−1 =
1
2πi
∞∫
−∞
ginjk(z) g
0
i (E − z)dz = ginjk(E − ti)⊗ Ii. (11)
11
Thus the effetive Hamiltonian in external three-body hannel takes the form:
Heff = T +
∑
jk
{vexjk + wjk(E − ti)}, (12)
i.e., the total effetive interation in external hannel of the three-body system is a sum of
the two-body external potentials vexjk and the two-body effetive interations with replae-
ment of pair energy εi with differene between the total three-body energy and operator
for the relative-motion kineti energy of third partile: εi → E − ti.
Just this reipe for inlusion of pair energy-dependent interations in three-body prob-
lem is widely used in Faddeev alulations. This reipe has been rigorously proved in
works of Merkuriev et al. for two-hannel model without ontinuous spetrum in internal
hannel [33℄ and, in partiular, for the boundary ondition model [31℄. We see, however,
that this result is a diret onsequene of the above two assumptions and by no means is
related to usage of any speifi interation model
5)
.
The resulted form of the effetive three-body Hamiltonian (12) is suitable for the
Faddeev redution. However, it should be emphasized that eah termWβγ in the effetive
Hamiltonian (12) inludes a dependene on the kineti energy of the third partile, i.e., the
eah term Wβγ is, generally speaking, a three-body fore. In spite of three-body harater
of suh effetive potentials, the orresponding Faddeev equations have the Fredholm
property and are equivalent to four-hannel Shrodinger equation (it has been proved for
model with disrete internal spetrum [33℄).
2.3. A new three-body fore in the three-body system with external and internal
hannels
In eah internal hannel one an introdue a new interation between third partile
and the pair as a whole. This leads to replaement of the operator for kineti energy of
the third partile ti by some (single-partile) Hamiltonian hi:
ti ⇒ hi = ti + vi (13)
5)
In the literature, however, there were also disussions of the alternative variants for embedding energy-
dependent pairwise fore into three-body system [36, 37℄. These shemes suppose that the effetive
total energy ε12 of the two-body subsystem in the three-body system is obtained from the total three-
body energy E in the following way: ε12 = E− t12−〈v13〉−〈v23〉, where vij is the two-body interation
between partiles i and j and an averaging is supposed with the exat 3N wavefuntion.
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in Eq. (5) for H ini , viz.:
H ini = h
in
jk ⊗ Ii + Ijk ⊗ hi. (14)
Physial meaning of suh interations will be disussed below and here we treat only the
formal aspets of their introdution. As the internal Hamiltonian (14) is still a diret
sum of the two-body internal Hamiltonian and the Hamiltonian orresponding to relative
motion of the third nuleon, then its resolvent an be expressed as a onvolution of two
subresolvents:
Gini = (E −H ini )−1 =
1
2πi
∞∫
−∞
ginjk(z) gi(E − z)dz, (15)
where gi(ε) = (ε−hi)−1. Now, of ourse, the effetive interation in external hannel is not
redued to sum of pairwise effetive interations with replaement εi → E− ti. Neverthe-
less, this interation inludes three terms Wjk and is still suitable for Faddeev redution.
But now there are no pure pairwise fores (exept vexjk) in the effetive Hamiltonian for
the external three-body hannel.
Moreover, if even the external interation vi is disregarded at all, eah term wjk in
the effetive Hamiltonian (12) inludes a dependene on the kineti energy of the third
partile, i.e., an be onsidered, generally speaking, as a three-body fore. This dependene
on the third partile momentum redues the strength of the effetive interation between
two other partiles due to a speifi energy dependene of the oupling onstants (see
below). Therefore, one an say that there are no pure two-body fores in the three-
body system in suh an approah, with the exeption of that part of interation whih is
inluded in vex (for NN system it is just the peripheral part of meson exhange).
3. DRESSED-BAG MODEL FOR NN FORCES
Here, we give a brief desription of the two-omponent DBM for the NN interation.
The detailed desription has been presented in our previous papers [8, 24℄. (The effetive-
field theory desription for the dybarion model of nulear fore has been also developed
reently [38℄.) The main assumptions of the DBM are following:
(i) interating nuleons form at small and intermediate distanes (rNN ∼ 1 fm) a
ompound state  the dibaryon or six-quark bag dressed with π, σ, and ρ-fields;
(ii) the oupling of the external NN hannel with this state gives the basi attrative
fore between nuleons at intermediate and small distanes, the σ-dressed bag giving
the main ontribution.
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Thus, nuleon-nuleon system an be found in two different phase states (hannels):
the NN phase and the dressed 6q bag phase. In the NN (external) hannel the system is
desribed as two nuleons interating via OBE; in the internal 6q+ σ hannel the system
is treated as a 6q bag surrounded by the strong salarisosalar σ-field (a dressed bag)6).
The external two-nuleon Hamiltonian inludes the peripheral part of one-pion- and two-
pion-exhange (OPE and TPE, respetively) interation and Coulomb interation:
hex = t + {vOPE + vTPE}(with soft utoff) + vCoul.
In the simplest version of DBM we used a pole approximation for the dressed-bag
(internal) resolvent gin:
gin(E) =
∑
α
∫ |α,k〉〈α,k|d3k
E −Eα(k) , (16)
where |α〉 is the 6q part of the wavefuntion for the dressed bag and |k〉 represents the
plane wave of the σ-meson propagation. Here, Eα(k) is the total energy of the dressed
bag:
Eα(k) = mα + εσ(k), (17)
where
εσ(k) = k
2/2mα + ωσ(k) ≃ mσ + k2/2m¯σ, m¯σ = mσmα
mσ +mα
, (18)
ωσ(k) =
√
m2σ + k
2
is relativisti energy of σ-meson, mσ and mα are masses of σ-meson
and 6q bag, respetively.
The effetive interation w(E) resulted from the oupling of the external NN hannel
to the intermediate dressed-bag state is illustrated by the graph in Fig. 1.
σ
N
N
N
N
6A Bq
Figure 1. Effetive NN interation indued due to the prodution of an intermediate dressed bag.
To derive the effetive interation w for NN hannel in suh an approximation, the
knowledge of full internal Hamiltonian hin of the dressed bag, as well as the full transition
6)
Full desription of the NN interation at energies E ∼ 1 GeV still requires other fields in the bag,
suh as 2pi, ρ, and ω.
14
operator hin,ex, is not neessary. We need only to know how the transition operator ats
on those dressed-bag states, whih are inluded into the resolvent (16): hin,ex|α,k〉. The
alulation of this quantity within a mirosopial quarkmeson model results in a sum
of fatorized terms [24℄:
hex,in|αJM ,k〉 =
∑
L
|ϕJML 〉BJL(k), (19)
where ϕJML ∈ Hex is the NN transition form fator and BJL(k) is the vertex funtion
dependent on the σ-meson momentum.
Here we should eluidate our notation in respet to the quantum numbers of angular
momenta. In general, the 6q-state index α inludes all the quantum numbers of the
dressed bag, i.e., α ≡ {J,M, S, T, Lb, Lσ}, where Lb, S, T , J , and M are the orbital
angular momentum of the 6q bag, its spin, isospin, total angular momentum, and its
projetion on the z axis, respetively, and Lσ is the orbital angular momentum of the
σ meson. However, in the present version of the DBM, the s-wave state of the 6q bag
with the s6 onfiguration only is taken into aount, so that Lb = 0, J = S, and thus the
isospin of the bag is uniquely determined by its spin. The states of the dressed bag with
Lσ 6= 0 should lie higher than those with Lσ = 0. For this reason, the former states are
not inluded in the present version of the model. Therefore, the state index α is speified
here by the total angular momentum of the bag J and (if neessary) by its z projetion
M : α⇒ {J(M)}.
Thus, the effetive interation in the NN hannel w(E) ≡ hex,ingin(E)hin,ex an be
written as a sum of separable terms in eah partial wave:
w(E) =
∑
J,L,L′
wJLL′(r, r
′, E), (20)
with
wJLL′(r, r
′) =
∑
M
ϕJML (r) λ
J
LL′(E)ϕ
JM
L′
∗
(r′). (21)
The energy-dependent oupling onstants λJLL′(E) appearing in Eq. (21) are diretly
alulated from the loop diagram shown in Fig. 1; i.e., they are expressed in terms of
the loop integral of the produt of two transition verties B and the onvolution of two
propagators for the meson and quark bag with respet to the momentum k:
λJLL′(E) =
∞∫
0
dk
BJL(k)B
J
L′
∗
(k)
E − Eα(k) . (22)
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The vertex form fators BJL(k) and the potential form fators ϕ
JM
L ∈ Hex have been
alulated in the mirosopi quarkmeson model [8, 24℄.
When the NN-hannel wavefuntion Ψin is obtained by solving the Shrodinger equa-
tion with the effetive Hamiltonian heff(E), the internal (6qN) omponent of the wave-
funtion is found from Eq. (4):
ΨinJM(E) = |αJM〉
∑
L
BJL(k)
E −Eα(k)〈ϕ
JM
L |Ψex(E)〉︸ ︷︷ ︸, (23)
where the underlined part an be interpreted as the mesoni part of the dressed-bag
wavefuntion.
The weight of the internal dressed-bag omponent of bound-state wavefuntion (with
given value J) is proportional to the norm of ΨinJM :
‖ΨinJM‖2 = ‖αJM‖2
∑
LL′
〈ϕJML |Ψex〉〈Ψex|ϕJML′ 〉
∫
BJL(k)B
J
L′
∗
(k)
(E − Eα(k))2 dk︸ ︷︷ ︸
IJ
LL′
(24)
As one an see from the omparison between Eqs. (22) and (24), the integral IJLL′ in
Eq.(24) is equal to the energy derivative (with opposite sign) of the oupling onstant
λJLL′(E):
IJLL′ = −
dλJLL′(E)
dE
,
and thus we get an interesting result:
‖Ψin‖2 ∼ −dλ(E)
dE
,
i.e., the weight of internal 6qN state is proportional to the energy derivative of the
oupling onstant of effetive NN interation. In other words, the stronger the energy
dependene of the interation inNN hannel, the larger the weight of hannel orrespond-
ing to non-nuleoni degrees of freedom. This result is in full agreement with well-known
hypothesis: energy dependene of interation is a sequene of underlying inner struture
of interating partiles.
The total wavefuntion of the bound state Ψ must be normalized to unity. Assum-
ing that the external (nuleoni) part of the wavefuntion Ψex found from the effetive
Shrodinger equation has the standard normalization ‖Ψex‖ = 1, one obtains that the
weight of internal, i.e., the dressed-bag omponent is equal to:
Pin =
‖Ψin‖2
1 + ‖Ψin‖2 . (25)
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Thus, the NN interation in DBM approah is a sum of peripheral terms (vOPE and
vTPE) representing OPE and TPE with soft utoff parameter ΛpiNN and an effetive
interation w(E) (see Eqs. (20), (21)), whih is expressed (in a single-pole approximation)
as an one-term separable potential with the energy-dependent oupling onstants (22).
The potential form fators ϕJML (r) are taken as the onventional harmoni osillator
wavefuntions |2S〉 and |2D〉7). Therefore, the total NN potential in DBM model an be
represented as:
vNN = v
OPE + vTPE + vCoul + w(E) + λΓ, (26)
where Γ = |ϕ0〉〈ϕ0| is the projetor onto |0S〉 harmoni osillator funtion and onstant
λ should be taken suffiiently large.
Table 1. Deuteron properties in DBM and other urrent NN models
Model Ed, MeV PD, % rm, fm Qd, fm
2 µd, n.m. AS ,fm
−1/2 η(D/S)
RSC 2.22461 6.47 1.957 0.2796 0.8429 0.8776 0.0262
Mosow 99 2.22452 5.52 1.966 0.2722 0.8483 0.8844 0.0255
Bonn 2001 2.224575 4.85 1.966 0.270 0.8521 0.8846 0.0256
DBM (I) P6q = 3.66% 2.22454 5.22 1.9715 0.2754 0.8548 0.8864 0.02588
DBM (II) P6q = 2.5% 2.22459 5.31 1.970 0.2768 0.8538 0.8866 0.0263
Experiment 2.224575  1.971 0.2859 0.8574 0.8846 0.0263
a)
a)
An average value of the asymptoti mixing parameter η over the results of a few most aurate
experiments is presented here (see [4043℄).
The model desribed above gives a very good desription for singlet
1S0, the triplet
3S1 − 3D1 phase shifts, and mixing parameter ε1 in the energy region from zero up to
1 GeV [24℄. The deuteron observables obtained in this model without any additional or
free parameter are presented in Table 1 in omparison with some other NN models and
experimental values. The quality of agreement with experimental data for the NN phase
shifts and deuteron stati properties found with the presented fore model, in general,
is higher than those for the modern NN potential model suh as Bonn, Argonne, et.,
espeially for the asymptoti mixing parameter η and the deuteron quadrupole moment.
7)
It was first suggested [39℄ long ago and then onfirmed in detailed 6q mirosopi alulations [15℄ that
the 6q wavefuntion in NN hannel orresponds just to 2~Ω exited 6q-bag omponents |s4p2[42]LST 〉,
while the ground state |s6[6]〉 desribes the wavefuntion in the bag hannel.
17
The weight of the internal (dressed-bag) omponent in the deuteron is varied from 2.5 to
3.6% in different versions of the model [8, 24℄.
4. THREE-NUCLEON SYSTEM WITH DBM INTERACTION
For desription of the three-body system with the DBM interation the momentum
representation is more appropriate. We will employ the same notation for funtions both
in the oordinate and momentum representations. The following notations for oordinates
and momenta are employed: ri(pi) is relative oordinate (momentum) of pair (jk), while
ρi (qi) is Jaobi oordinate (momentum) of ith partile relatively to the enter of mass
for the pair (jk), and k is usually a momentum of σ meson.
4.1. Eetive interation due to pairwise NN fores
One obtains an effetive Hamiltonian for the external 3N hannel aording to a general
reipe for transition from two- to three-partile system:
Heff = T +
∑
i
{vexi +Wi(E)}, (27)
where eah of three effetive potentials takes the form:
Wi(E) = δ(qi − q′i)wi(E − q2i /2m¯), (28)
and m¯ = mNmα/(mN + mα) is a redued mass of nuleon and 6q bag. In the pole
approximation, this effetive interation redues to a sum of two-body separable potentials
with the oupling onstants depending on the total three-body energy E and the third-
partile momentum qi:
Wi(pi,p
′
i,qi,q
′
i;E) = δ(qi − q′i)
∑
JiMi,Li,L′i
ϕJiMiLi (pi) λ
Ji
LiL′i
(
E − q
2
i
2m¯
)
ϕJiMiL′i
(p′i). (29)
When using suh an effetive interation, one must also inlude an additional 3BF due
to the meson-exhange interation between the dressed bag and the third nuleon (see
the next subsetion). The pattern of different interations arising in the 3N system in
suh a way is illustrated in Fig. 2.
In the single-pole approximation, the internal (dressed-bag) omponents of the total
wavefuntion are expressed in terms of the nuleoni omponent Ψex(pi,qi) as
Ψini (k,qi;E) =
∑
Ji,Mi,Li
|αJiMi〉B
Ji
Li
(k)χJiMiLi (qi)
E −Eα − q
2
i
2m
, (30)
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Figure 2. Different interations in the 3N system for one of three possible ombinations (1 + 23) of
three nuleons: the peripheral two-nuleon interation vex1 is due to OPE + TPE, the effetive two-body
interation W1(E) is indued by the prodution of dressed 6q bag and meson-exhange 3BF W
3BF
1 .
where χJiMiLi (qi) are the overlap integrals of the external 3N omponent and the potential
form fators ϕJiMiLi :
χJiMiLi (qi) =
∫
ϕJiMiLi (pi) Ψ
ex(pi,qi) dki. (31)
These overlap funtions depend on the momentum (or oordinate), spin, and isospin
of the third nuleon. For brevity, the spinisospin parts of the overlap funtions and
orresponding quantum numbers are omitted unless they are needed. In Eqs. (29)
(31) and below, we keep the index i in the quantum numbers Li and Ji in order to
distinguish the orbital and total angular momenta attributed to the 2N form fators from
the respetive angular momenta J and L of the whole 3N system.
It should be noted that the angular part of the funtion χJiMiLi (qi) in Eq. (31) is not
equal to YLiMLi (qˆ). This part inludes also other angular orbital momenta due to oupling
of the angular momenta and spins of the dressed bag and those for the third nuleon. In
the next setion we onsider the spinangular and isospin parts of the overlaps funtions
χJiMiLi (qi) in more detail.
The norm of eah 6qN omponent for the 3N bound state is determined by sum of
the integrals:
‖Ψini ‖2 =
∑
JiMi
‖αJiMi‖
∑
LiL′i
∫
χJiMiLi (qi)


∫ BJiLi(k)BJiL′i(k)(
E − Eα − q
2
i
2m
)2 dk

 χJiMiL′i (qi) dqi. (32)
The internal loop integral with respet to k in Eq. (32) (in braes) an be replaed by the
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energy derivative of λJL:∫ BJiLi(k)BJiL′i(k)(
E −Eα − q
2
i
2m
)2 dk = − ddEλJiLiL′i
(
E − q2i
2m
)
. (33)
Thus, the weight of the 6qN omponent in the 3N system is determined by the same en-
ergy dependene of the oupling onstants λJLL′(ε) as the ontribution of the 6q omponent
in the NN system but at a shifted energy.
With using Eq. (33), the norm of 6qN omponent an be rewritten eventually as
‖Ψini ‖2 =
∑
JiMi
‖αJi‖
∑
LiL′i
∫
χJiMiLi (qi)
(
− d
dE
λJiLiL′i
(E−q2i /2m)
)
χJiMiL′i
(qi) dqi. (34)
Due to expliit presene of the meson variables in our approah, it is generally impossi-
ble to define the wavefuntion desribing relative motion of the third nuleon
Nψ(q) in
the 6qN hannel. However, by integrating Ψini (k,q) over the meson momentum k, one
an obtain an average momentum distribution of the third nuleon in the 6qN hannel
(i.e., those weighted with the σ-meson momentum distribution). Based on Eq. (33), we
an attribute the meaning of the third nuleon wavefuntion in the 6qN hannel to the
quantity
ψ˜JiMiLi (qi) =
√(
− d
dE
λJiLiL′i
(E−q2i /2m)
)
χJiMiLi (qi). (35)
With this quasi-wavefuntion, one an alulate the mean value of any operator depend-
ing on the momentum (or oordinate) of the third nuleon. We note that the derivative
−dλ/dE is always positive.
4.2. Three-body fores in the DBM
N
N
N
N
N
N
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6q
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N
N
N
N
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σ
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N
N
6A Bq
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Figure 3. The graphs orresponding to three new types of three-body fore.
In this study, we employ the effetive interation (29) and take into aount the
interation between the dressed bag and the third nuleon as an additional 3BF. We
onsider here three types of 3BF: one-meson exhange (π and σ) between the dressed bag
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and the third nuleon (see Figs. 3a and 3b) and the exhange by two σ-mesons, where the
third-nuleon propagator breaks the σ-loop of the two-body fore  2σ-proess (Fig. 3).
All these fores an be represented in the effetive Hamiltonian for external 3N hannel
as some integral operators with fatorized kernels:
W 3BF(i) (pi,p
′
i,qi,q
′
i;E) =
∑
JM,J ′M ′,L,L′
ϕJML (pi)
3BFW JJ
′
LL′ (qi,q
′
i;E)ϕ
J ′M ′
L′ (p
′
i). (36)
Therefore, matrix elements for 3BF inlude only the overlap funtions, and thus the
ontribution of 3BF is proportional to the weight of the internal 6qN omponent in the
total 3N wavefuntion. To our knowledge, the first alulation of the 3BF ontribution
indued by OPE between the 6q bag and the third nuleon was done by Fasano and
Lee [44℄ in the hybrid QCB model using perturbation theory. They used the model where
the weight of the 6q omponent in a deuteron was a. 1.7%, and thus they obtained a very
small value of 0.041 MeV for the 3BF OPE ontribution to the 3N binding energy. Our
results for the OPE 3BF agree with the results obtained by Fasano and Lee (see Table 2
in Setion 7), beause the OPE ontribution to 3BF is proportional to the weight of the 6q
omponent, and in our ase, it should be at least twie as ompared to their alulation.
However, we found that a muh larger ontribution omes from salar σ-meson exhanges:
one-sigma exhange (OSE) and two-sigma exhange (TSE). We emphasize that, due to
(proposed) restoration of hiral symmetry in our approah, the σ-meson mass beomes
a. 400 MeV, and thus the effetive radius of the σ-exhange interation is not so small
as that in onventional OBE models. Therefore, we annot use the perturbation theory
anymore to estimate the 3BF ontribution and have to do the full alulation inluding
3BF in the total three-body Hamiltonian.
4.2.1. One-meson exhange between the dressed bag and third nuleon
For the one-meson exhange (OME) term, the three-body interation
3BFW
JiJ ′i
LiL′i
takes
the form:
OMEW
JiJ ′i
LiL′i
(qi,q
′
i;E) =
∫
dk
BJiLi(k)
E − Eα − q2i /2m
V OME(qi,q
′
i)
B
J ′i
L′i
(k)
E − Eα − q′2i /2m
. (37)
Therefore, the matrix element for OME an be expressed in terms of the internal bag
omponents Ψini :
〈Ψex|OME|Ψex〉 = 3〈Ψini |V OME|Ψini 〉. (38)
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The integral over σ-meson momentum k (37) an be shown to be redued to a differene
of the values for onstant λ(E−q2/2m), so that the vertex funtions B(k) an be exluded
from formulas for OME 3BF matrix elements. The details of alulations for suh matrix
elements are given in the Appendix.
4.2.2. 2σ-proess
p
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σ σ
q − q’
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q
q − q
q
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Figure 4. The graph illustrating three-body salar fore due to two-sigma exhange (2σ-proess).
The 2σ-proess (TSE) shown in Fig. 4 also ontributes signifiantly to 3BF. This 3N
interation seems less important than the OSE fore, beause this interation imposes a
speifi kinemati restrition on the 3N onfiguration8).
The operator of the TSE interation inludes expliitly the vertex funtions for the
transitions (NN ⇐⇒ 6q+σ) so that these verties annot be exluded similarly to the
ase of OME. Therefore, we have to hoose some form for these funtions. It is naturally
to require that these verties should be the same as those assumed in two-body DBM;
i.e., they an be normalized by means of the oupling onstants λ(E), whih, in turn, are
hosen in the two-nuleon setor to aurately desribe NN phase shifts and deuteron
properties (see below Eq. (41) for vertex normalization). We use the Gaussian form fator
for these verties:
BJL(k) = B
JL
0
e−b
2k2√
2ωσ(k)
, (39)
where k is the meson momentum and the parameter b is taken from the mirosopial
8)
It follows from the intuitive piture of this interation that this fore an be large only if the momentum
of the third nuleon is almost opposite to the momentum of the emitted σ meson. Thus, a speifi
3N kinemati onfiguration is required when two nuleons approah lose to eah other to form a bag,
while the third nuleon has a speifi spae loalization and momentum.
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quark model [24℄:
b2 =
5
24
b20, b0 = 0.5 fm. (40)
Then, the vertex onstants BJL0 should be found from the equation:
1
(2π)3
∫
dk
BJL0 B
JL′
0 e
−2b2k2
(E−mα−εσ(k)) · 2ωσ(k) = λ
J
LL′(E), (41)
where λJLL′(E) are the oupling onstants employed in the onstrution of the DBM in
the 2N setor and are fixed by NN phase shifts. For the σNN verties, we take also the
Gaussian form fator: gσNN e
−α2k2
, with α2 = b20/6.
Then, the box diagram in Fig. 4 an be expressed in terms of the integral over the
momentum q0 of the third nuleon in the intermediate state:
TSEW JJ
′
LL′ (q,q
′;E) = δJJ ′g2σNN B
JL
0 B
JL′
0 ×
× 1
(2π)3
∫
dq0
e−(α
2+b2)(q0−q)2
m2σ + (q0−q)2
1
E−mα−q20/2m
e−(α
2+b2)(q0−q′)2
m2σ + (q0−q′)2
. (42)
Thus, the matrix element for the total ontribution of TSE takes eventually the form
〈TSE〉 = 3
∑
JiMi,Li,L′i
∫
χJiMiLi (q)
TSEW JiJiLiL′i
(q,q′;E)χJiMiL′i (q
′) dq dq′. (43)
After the partial wave deomposition, these six-dimensional integrals an be redued to
two-fold integrals, whih are omputed numerially by means of the appropriate Gaussian
quadratures.
We should emphasize here that both two-nuleon fore indued by the DBM and two
parts of 3BF ontribution in our approah, i.e., OSE and TSE, are all taken with unified
oupling onstants and unified form fators in Eqs. (37), (39)(41), in a sharp ontrast
to the traditional meson-exhange models (see also the setion 8).
5. VARIATIONAL CALCULATIONS OF 3N SYSTEM WITH DBM
INTERACTION
The effetive Shrodinger equation for the external 3N part of the total wavefuntion
Htot(E)Ψex(E) = EΨex(E) with Hamiltonian
Htot(E) = T +
3∑
i=1
{vexi +Wi(E) +W 3BFi (E)} (44)
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has been solved by variational method using antisymmetrized Gaussian basis [45℄. Be-
ause of the expliit energy dependene of the three-body total Hamiltonian, we used an
iterational proedure in respet to the total energy E for solving this equation:
Htot(E(n−1))Ψex(n) = E(n)Ψex(n).
Suh iterations an be shown to onverge, if the energy derivative of effetive interation is
negative (for our ase, this ondition is valid always). For our alulations, 57 iterations
provide usually the auray of 5 deimal digits for 3N binding energy.
Constrution of a 3N variational basis. Here, we give the form of the basis
funtions used in this work and the orresponding notation for the quantum numbers.
The wavefuntion of the external 3N hannel, Ψex, an be written in the antisymmetrized
basis as a sum of the three terms:
Ψex = Ψ(1)ex +Ψ
(2)
ex +Ψ
(3)
ex , (45)
where the label (i) enumerates one of three possible set of the Jaobi oordinates (ri, ρi).
Every term in Eq. (45) takes the form
Ψ(i)ex =
∑
γ
∑
n
CγnΦ
(i)
γn. (46)
The basis funtions Φ
(i)
γn are onstruted from Gaussian funtions and orresponding spin-
angular and isospin fators:
Φ(i)γn = N
γ
nr
λi
i ρ
li
i exp{−αγnr2i − βγnρ2i }F (i)γ (rˆi, ρˆi)T (i)γ , (47)
where the spinangular F (i)γ (rˆi, ρˆi) and isospin T (i)γ omponents of the basis funtions are
given in Appendix and the omposite label γ ≡ γ(i) = {λi li LSjk S tjk} represents the
respetive set of the quantum numbers for the basis funtions (47): λi is the orbital angular
momentum of the (jk) pair; li is the orbital angular momentum of the third nuleon (i)
relatively to the enter of mass for the (jk) pair; L is the total orbital angular momentum
of the 3N system; Sjk and tjk are the spin and isospin of the (jk) pair, respetively; and
S is the total spin of the system. We omit here the total angular momentum J = 1/2 and
its z-projetion M , as well as the total isospin of the system T = 1/2 and its projetion
Tz (in this work, we neglet the very small ontribution of the T = 3/2 omponent).
The nonlinear parameters of the basis funtions αγn and βγn are hosen on the Cheby-
shev grid, whih provides the ompleteness of the basis and fast onvergene of variational
alulations [46℄. As was demonstrated earlier [47℄, this few-body Gaussian basis is very
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flexible and an represent quite ompliated few-body orrelations. Therefore, it leads
to the aurate eigenvalues and eigenfuntions. The formulas for the matrix elements of
the Hamiltonian (for loal NN interations) on antisymmetrized Gaussian basis are given
in the paper [45℄. The matrix elements of DBM interations on this basis are given in
Appendix.
Wavefuntion in the internal 6qN hannel. Having the 3N omponent Ψ3N found
in the above variational alulation, one an onstrut the inner 6qN-hannel wavefun-
tion Ψ
(i)
in , whih depends on the oordinate (or momentum) of the third nuleon and the
σ-meson momentum and inludes the bag wavefuntion (see Eq. (30)). By integrating
the modulus squared of this funtion with respet to the meson momentum and inner
variables of the bag, one obtains the density distribution of the third nuleon relative to
the 6q bag in the 6qN hannel. This density an be used to alulate further all observ-
ables, whose operators depend on the variables of the nuleons and the bag. However,
it is muh more onvenient and easier to deal with the quasi-wavefuntion of the third
nuleon in the 6qN hannel, whih has been introdued by Eq. (35).
To alulate matrix elements of the 3BF Coulomb and OPE fores, one needs the spin
isospin part of 6qN omponents of the total wavefuntion. Here we give them expliitly.
The potential form fators ϕJiMiLi now inlude the spinisospin part YJiMiLiSd (pˆi)T
(i)
td
with
quantum numbers orresponding to the dressed bag:
ϕ
JiMitdtdz
LiSd
= φJiLi(pi)YJiMiLiSd (pˆi)T
(i)
td
; T (i)td = |tjtk : tdtdz〉. (48)
The full set of the quantum numbers labelling the form fators inludes the total (Ji) and
orbital (Li) angular momenta, related to the vertex form fator, and also the spin and
isospin numbers Sd, td, and tdz related to the dressed bag. However, sine the present
version of the DBM involves the bag states with zero orbital angular momentum, we have
Sd = Ji, while the bag spin and isospin are supplementary to eah other: td + Sd = 1.
Hene we will omit the quantum numbers Sd and td, where they are unneessary.
The total overlap funtion χJiMiLi (i) = 〈ϕJiMiLi |Ψ3N〉 an be written (with its spinisospin
part), e.g., as
χJiMiLi (qi) =
∑
liJ
ΦJiLiliJ (qi)〈JmJ JiMi|JM〉 Y
JmJ
li
1
2
(qˆi) 〈tdtdz 12 tzi|TTz〉 T 12 tzi . (49)
Here, J and M are the total angular momentum of the 3N system and its z-projetion,
T and Tz are the total isospin of the 3N system and its z-projetion, while li and J
are the orbital and total angular momenta of the third (ith) nuleon, respetively, and
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T 1
2
tzi
is isospinor orresponding to the third nuleon. In the present alulation for the
ground states of
3
H and
3
He (with J = 1/2), we have onsidered two lowest even partial
wave omponents (S and D) in 3N wavefuntions only. Therefore, li an take only two
values: 0 or 2. Moreover, the total angular momentum of the third nuleon J is uniquely
determined by value of li: J = 1/2 at li = 0 and J = 3/2 at λi = 2. So, atually there
is no summation over J in Eq.(49).
It is easy to see that the three form fators ϕJiLi used in the present work (ϕ
0
0, ϕ
1
0, and
ϕ12) determine five radial omponents of the overlap funtion Φ
JiLi
liJ (qi) and five respetive
omponents of the quasi-wavefuntion for the 6qN hannel. To speify these omponents
it is suffiient to give three quantum numbers, e.g., Sd, li and Li, and we will use notation
ΨinSdli,Li(qi) for these radial omponents:
Ψin00,0 : (Ji = Sd = 0, td = 1, Li = 0, li = 0, J = 12),
Ψin10,0 : (Ji = Sd = 1, td = 0, Li = 0, li = 0, J = 12),
Ψin12,0 : (Ji = Sd = 1, td = 0, Li = 0, li = 2, J = 32),
Ψin10,2 : (Ji = Sd = 1, td = 0, Li = 2, li = 0, J = 12),
Ψin12,2 : (Ji = Sd = 1, td = 0, Li = 2, li = 2, J = 32).
At last, we give a formula for the total quasi-wavefuntion in internal hannel (i), sep-
arating out expliitly its spinangular and isospin parts, whih inlude the spinisospin
part of the bag wavefuntion:
Ψini =
∑
liSd
{∑
Li
ΨinSdli,Li(qi)
}
|li 12(J )Sd : JM〉 |td 12 : TTz〉. (50)
The expliit dependene of this funtion on the isospin projetion Tz is important for
alulation of the Coulomb matrix elements and r.m.s. harge radius.
The interation matrix elements inlude the overlap integrals of the potential form
fators with the basis funtions Φγ,n = Φ
(1)
γ,n+Φ
(2)
γ,n+Φ
(3)
γ,n, where all five above omponents
of the overlap funtion enter the matrix elements independently (ertainly, some of the
matrix elements an vanish). The expliit formulas for the above overlap funtions and
detailed formulas for the matrix elements of all DBM interations are given in Appendix.
When alulating both the normalization of the internal omponents and observables, the
6qN omponents distinguishing only by their radial parts an be summed. Thus, only
three different omponents of the 6qN quasi-wavefuntion remain: the one S-wave singlet
(Sd = 0):
Ψin00 ≡ Ψin00,0,
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and the two triplet ones (Sd = 1):
Ψin10 = Ψ
in
10,0 +Ψ
in
10,2,
Ψin12 = Ψ
in
12,0 +Ψ
in
12,2. (51)
The total weight of eah of three 6qN omponents is equal to
P
(i)
in = ‖Ψin00‖2 + ‖Ψin10‖2 + ‖Ψin12‖2; i = 1, 2, 3. (52)
Now, let us introdue the relative weights of the individual 6qN omponents:
P inS0 =
‖Ψin00‖2
P
(i)
in
, P inS1 =
‖Ψin10‖2
P
(i)
in
, P inD =
‖Ψin12‖2
P
(i)
in
. (53)
After renormalization of the full four-omponent wavefuntion, the total weight of all
internal omponents is equal to
Pin =
3P
(i)
in
1 + 3P
(i)
in
(54)
(here, we assume that the 3N omponent of the total wavefuntion, Ψex, obtained from
the variational alulation, is normalized to unity), while the total weight of the 3N
omponent Ψ3N is equal to
Pex =
1
1 + 3P
(i)
in
= 1− Pin. (55)
It is also interesting to find the total weight of the D wave with allowane for non-
nuleoni omponents:
PD = P
ex
D (1− Pin) + P inD Pin. (56)
Numerial values of all above probabilities for internal and external omponents are
given below in Table 2. The total weight of all 6qN omponents P6qN ≡ Pin in the 3N
system turns out to be rather large and approahes or even exeeds 10%. Furthermore,
taking into aount the short-range harater of these omponents, the more hard nuleon
momentum distribution (losely assoiated with the first property) for these omponents,
and very strong salar three-body interation in the internal 6qN hannels, one an on-
lude that these non-nuleoni omponents are extremely important for the properties of
nulear systems.
6. COULOMB EFFECTS IN
3
He
In this setion we will demonstrate that the DBM approah leads to some new features
related to the Coulomb effets in nulei, and in partiular in
3
He. First of all, the addi-
tional Coulomb fore arises beause the 6q bag and rest nuleon an have eletri harges.
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We have found that this new Coulomb three-body fore is responsible for a signifiant
part of the total
3
He Coulomb energy (this three-body Coulomb fore has been missed
fully in previous 3N alulations within hybrid 6qN models [48℄).
The seond feature of the interation model used here is the absene of the loal NN
short-range repulsive ore. The role of this ore is played by the ondition of orthogonal-
ity to the onfined 6q states forbidden in the external NN hannel. This orthogonality
requirement imposed on the relative-motion NN wavefuntion is responsible for the ap-
pearane of some inner nodes and respetive short-range loops in this wavefuntion. These
short-range nodes and loops lead to numerous effets and general onsequenes for the
nulear struture. One of these onsequenes is a rather strong overestimation of the
Coulomb ontribution when using the interation between point-like nuleons. Thus, it
is neessary to take into aount the finite radius of the nuleon harge distribution
9)
.
At last, in order to obtain the aurate Coulomb displaement energy ∆EC =
EB(
3H) − EB(3He), one should take into onsideration the effets assoiated with the
small mass differene between the proton and neutron. It is well known [49℄ that the
above mass differene makes rather small ontribution to the differene between
3
He and
3
H binding energies. Therefore, it was taken usually into aount in a perturbation ap-
proah. However, sine the average kineti energy in our ase is twie the kineti energy
in onventional fore models, this orretion is expeted also to be muh larger in our
ase. Hene, we present here the estimation for suh a orretion term without usage of
the perturbation theory.
6.1. Smeared Coulomb interation
The Gaussian harge distribution ρ(r), that orresponds to the r.m.s. harge radius rc
and is normalized to the total harge z: 4π
∫
ρr2dr = z, an be written as
ρ(r) = z
(α
π
)3/2
e−αr
2
, α−1 =
2
3
r2c . (57)
The Coulomb potential for the interation between suh a harge distribution ρ(r) and a
point-like harged partile has the well-known form
V (R) =
∫
dr ρ(r)
|R− r| =
z
R
erf(R
√
α).
9)
We remind in this point that the aount of the finite radii of nuleons in the onventional approahes
leads to fully negligible orretions to the Coulomb energy.
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We have derived here a similar formula for the Coulomb interation between two Gaussian
distributions with different widths α1 and α2 and r.m.s. radii rc1 and rc2, respetively:
V (R;α1, α2) =
z1z2
R
erf(R
√
α˜), α˜ =
α1α2
α1 + α2
, or α˜−1 =
2
3
(r2c1 + r
2
c2
). (58)
In our alulations, we used the following harge radii for the nuleon and dibaryon:
(rc)p = 0.87 fm,
(rc)6q = 0.6 fm
10).
These values lead to the smeared Coulomb interations in the NN and 6qN hannels:
V CoulNN (r) =
e2
r
erf(r
√
αNN ), α
−1/2
NN = 1.005 fm,
V Coulin (ρ) =
e2
ρ
erf(ρ
√
αin), α
−1/2
in = 0.863 fm. (59)
6.2. Matrix elements of the three-body Coulomb fore
The Coulomb interation between the harged bag and the third nuleon in the
6qN hannel is determined by the three-partile operator with the separable kernel (see
Eq. (36)):
CoulW (i)(pi,p
′
i;qi,q
′
i) =
=
∑
JiMiLiL′i
ϕJiMiLi (pi)
1+τ
(i)
3
2
(1 + tˆdz)
CoulW JiLiL′i
(qi,q
′
i;E)ϕ
JiMi
L′i
(p′i), (60)
where (1+τ
(i)
3 )/2 is the operator of the ith nuleon harge and 1 + tˆdz is operator of the
bag harge. It is evident that the matrix element of the operator (60) an be expressed in
terms of the integrals of the produt of the overlap funtions χJiMiLi (qi) of NN form fators
and three-body basis funtions. The method for alulation of suh Coulomb integrals is
given in Appendix.
10)
This value is simply the r.m.s. harge radius of the 6q bag with the parameters given in [24℄. The
neutral σ field of the bag hanges this value only slightly. The evident differene between the harge
radii of the nuleon and dibaryon an be well understood as follows: the harge radius of the 3q ore
of the nuleon is taken usually as r3qc ≃ 0.50.55 fm, while remaining 0.3 fm is assumed to ome from
the harge distribution of the pi+ loud surrounding the 3q ore in the proton. In ontrast, the meson
loud of the dibaryon in our approah is mainly due to the neutral salarisosalar σ meson, so that
the dibaryon harge distribution is haraterized by the harge radius of the bare 6q ore only.
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7. RESULTS OF CALCULATIONS
Here, we present the results of the 3N bound-state alulations based on two variants
of the DBM.
(I) In the first version developed in [24℄, the dressed-bag propagator inludes three
loops (two loops are with pions and one loop is with σ meson), two of them are of
the type shown in Fig. 2 of [24℄, in whih eah loop was alulated within the
3P0
model for quarkmeson interation. The third loop onsists of two suh verties
and a onvolution of the σ-meson and 6q-bag propagators [24℄.
(II) In the seond version, we replaed two above pioni loops with the effetive Gaussian
form fator B(k), whih desribes the diret NN → 6q+σ transition, i.e., the diret
transition from the NN hannel to the dressed-dibaryon hannel.
Both versions have been fitted to the NN phase shifts in low partial waves up to an
energy 1 GeV with almost the same quality. Therefore, they an be onsidered on equal
footing. However, version (II) has one important advantage. Here, the energy dependene
arising from the onvolution of the two propagators involved into the loop, i.e., the
propagators of the σ meson and bare dibaryon, desribes (with no further orretion) just
the energy dependene of the effetive strength of the NN potential λ(II)(E), whih is
thereby taken diretly from the above loop integral. In ontrast, in the first version of the
model, two additional qqππσ loops give a rather singular three-dimensional integral for
λ(I)(E), where the energy dependene at higher energies should be orreted by a linear
term.
7.1. Bound-state energies of
3
H and
3
He and individual ontributions to them
The main differene between the results for both versions is that the energy dependene
of λ(E) for the seond version is muh weaker than that for the first one. In addition, this
energy dependene leads to some derease in the ontribution of the 6qN omponent to all
3N observables and thus to the respetive inrease of the two-body fore ontribution as
ompared to the three-body fore one. Table 2 presents the alulation results for the two
above versions for the following harateristis: the weights of the internal 6qN hannels
and D wave in the total 3N funtion, as well as the weight of the mixed-symmetry
S ′ omponent (only for the 3N hannel); the average individual ontributions from the
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Table 2. Results of the 3N alulations with two- and three-body fores for two variants of the DBM
Model E, MeV PD, % PS′ , % P6qN (Pin), % Contributions to H, MeV
T T + V (2N) V (3N)
3
H
DBM(I) g = 9.577(a) 8.482 6.87 0.67 10.99 112.8 1.33 7.15
DBM(II) g = 8.673(a) 8.481 7.08 0.68 7.39 112.4 3.79 4.69
AV18 + UIX
(b)
8.48 9.3 1.05  51.4 7.27 1.19
3
He
DBM(I) 7.772 6.85 0.74 10.80 110.2 0.90 6.88
DBM(II) 7.789 7.06 0.75 7.26 109.9 3.28 4.51
AV18 + UIX
(b)
7.76 9.25 1.24  50.6 6.54 1.17
a)
These values of σNN oupling onstant in 3H alulations have been hosen to reprodue the exat
binding energy of
3
H nuleus. The alulations for
3
He have been arried out without any free
parameters.
b)
The values are taken from [50℄.
kineti energy T , two-body interations V (2N) plus the kineti energy T , and three-body
fore (V (3N)) due to OSE and TSE to the total Hamiltonian expetation.
For variant I of the model, we present also the result alulated when both 3BF and
the q2 dependene of the effetive two-body fore on the momentum of the third nuleon
are disregarded (the first line). The results in the seond line of Table 2 are obtained
inluding the q2 dependene of pair fores, but disregarding 3BF. The perentages of the
D-wave and the internal omponents given in Table 2 were obtained with inorporation
of the three internal omponents; i.e., these values orrespond to the normalization of the
total (four-omponent) wavefuntion of the system to unity.
To ompare the preditions of the new model with the respetive results for the on-
ventional NN potential models, Table 2 also presents the results of reent alulations
with the Argonne potential AV18 and UrbannaIllinois 3BF UIX [50℄.
7.2. The densities, r.m.s. radii and harge distributions in
3
H and
3
He
At first, we give definitions of the nuleon and harge distributions in multihannel
system.
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The external 3N hannel. The proton (ρp) and neutron (ρn) densities in this hannel
are defined by the standard way [51℄:
ρex{ p
n
}(r) =
1
N{ p
n
}
〈
Ψex
3∑
i=1
∣∣∣∣∣δ(r −
3
2
ρi)
r2
1± τ (i)3
2
∣∣∣∣∣Ψex
〉
=
3
N{ p
n
}
〈
Ψex
∣∣∣∣∣δ(r −
3
2
ρ1)
r2
1± τ (1)3
2
∣∣∣∣∣Ψex
〉
,
(61)
where ρi is Jaobi oordinate in the set (i) and N{ p
n
} is the number of protons (neutrons).
Due to property〈
Ψex
∣∣∣∣∣
3∑
i=1
1± τ (i)3
2
∣∣∣∣∣Ψex
〉
=
〈
Ψex
∣∣∣32 ± Tˆ3∣∣∣Ψex〉 = 32 ± Tˆ3 = N{ pn },
the above densities are normalized to unity, provided that the external wavefuntion Ψex
is also normalized to unity: ∫
ρex{ p
n
}(r)r
2dr = 1.
The matrix element 〈Ψex|τ (i)3 |Ψex〉 is proportional to z-projetion of the total isospin
T3, therefore, the nuleon densities an be separated into isosalar (matter) density and
isovetor parts:
ρs(r) = ρm =
〈
Ψex
∣∣∣∣δ(r − 32ρ1)r2
∣∣∣∣Ψex
〉
, (62)
ρv(r) =
3
2T3
〈
Ψex
∣∣∣∣δ(r − 32ρ1)r2 τ (1)3
∣∣∣∣Ψex
〉
. (63)
Both latter densities are also normalized to unity. Then the nuleon densities an be
expressed in terms of isosalar and isovetor densities as:
ρexp (
3He) = ρexn (
3H) =
1
4
(3ρs + ρv),
ρexp (
3H) = ρexn (
3He) =
1
2
(3ρs − ρv). (64)
R.m.s. radii of orresponding distributions are equal to:
〈r2〉ex{s,v,p,n} =
∫
ρex{s,v,p,n}(r)r
4dr. (65)
The r.m.s. harge radius in the 3N setor is also defined onventionally:
〈r2ch〉ex = 〈r2〉exp +R2p +
Nn
Np
R2n, (66)
where R2p = 0.7569 fm
2
and R2n = −0.1161 fm2 are the squared harge radii of the proton
and neutron, respetively.
The various types of one-partile densities (isosalar, isovetor, proton, neutron) in
external 3N hannel for the 3H and 3He ground states alulated in DBM(I) are shown
in Fig. 5.
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Figure 5. The isosalar ρs, isovetor ρv, proton ρp, and neutron ρn densities in external 3N hannel
for
3
H and
3
He systems obtained with DBM (version I).
Below we present also two-proton density for
3
He, whih is defined usually as [52℄:
ρpp(r) = 6
〈
Ψex
∣∣∣∣∣δ(r − r1)r2 1 + τ
(2)
3
2
1 + τ
(3)
3
2
∣∣∣∣∣Ψex
〉
. (67)
This density is normalized to 2:
∫
ρpp(r)r
2dr = 2. (As there is only a single nuleon in
6qN hannel, we do not attah the index ex to this quantity.) The two-neutron density
ρpp(r) for
3
H is defined similarly (with replaing 1 + τ
(i)
3 → 1− τ (i)3 in Eq. (67). In Fig. 6
we show both these densities for DBM(I) and also the two-proton density for
3
He found
with Bonn NN potential [52℄.
The internal 6qN hannels. Here we define a density (normalized to unity) of the
pure nuleon distributions as
ρin{ p
n
}(r) =
1
N in{ p
n
}P
(1)
in
〈
Ψin1
∣∣∣∣∣δ(r − αρ1)r2 1± τ
(1)
3
2
∣∣∣∣∣Ψin1
〉
, (68)
where P
(1)
in = 〈Ψin1 |Ψin1 〉 and the quantity
N in{ p
n
} =
1
P
(1
in
〈
Ψin1
∣∣∣∣∣1± τ
(1)
3
2
∣∣∣∣∣Ψin1
〉
, (69)
has the meaning of the average number of protons (neutrons) in the one internal 6qN
hannel (note that N inp +N
in
n = 1, i.e., there is only one nuleon in eah internal hannel).
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Figure 6. The two-proton density in
3
He (solid line) and two-neutron density in
3
H (dashed line)
alulated with DBM (version I) in omparison with two-proton density found with Bonn potential [52℄
(triangles).
The number N in{ p
n
} depends on ratio of norms of 6qN omponents with different values of
isospin of the bag. Therefore, the separation of the 6qN-hannel density into isosalar
and isovetor parts has no meaning.
These average numbers of nuleons in 6qN hannel an be expressed through relative
probabilities of the 6qN omponents with definite value of isospin t, whih in our ase
are equal to:
P in0 ≡ P int=0 = P inS1 + P inD ,
P in1 ≡ P int=1 = P inS0, (70)
where P inS1, P
in
D , and P
in
S0 are determined by Eq. (53). Hene, P
in
t=0 + P
in
t=1 = 1. Then one
an write down the average numbers of nuleons as
N inp (
3H) = N inn (
3He) =
2
3
P int=1,
N inp (
3He) = N inn (
3H) = P int=0 +
1
3
P int=1. (71)
The nuleon densities (61) an be expressed by similar formula through omponents of
the internal wavefuntion with definite value of isospin t.
The total densities of nuleon distributions. The total nuleon densities (normal-
ized to unity) for whole 3N system with allowane for both the 3N and 6qN omponents
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an be now defined as
ρ{ p
n
} =
(1− Pin)ρex{ p
n
}N{ pn} + Pinρ
in
{ p
n
}N
in
{ p
n
}
〈N{ p
n
}〉 , (72)
where Pin = 3P
in
1 /(1 + 3P
in
1 ) is the total weight of all three internal hannels (Eq. (54))
and the denominator:
〈N{ p
n
}〉 = (1− Pin)N{ p
n
} + PinN
in
{ p
n
} < N{ pn } (73)
is equal to the average number of protons (neutrons) in the whole multiomponent system.
The densities of the total proton and neutron distributions and also external- and internal-
hannel distributions for
3
He alulated for DBM(i) are presented in Fig. 7.
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Figure 7. The external ρex, internal ρin, and total ρ(total) densities of proton- and neutron
distributions in
3
He found with DBM (version I).
One an define also a (normalized) density of the matter (or mass) distribution in the
6qN hannel as:
r2ρinm(r) =
1
(mN +md)Pin
〈Ψin1 |δ(r − αρ1)mN + δ(r − (1− α)ρ1)md|Ψin1 〉, (74)
where α = md/(md +mN), mN is a nuleon mass, and md is mass of the bag (dibaryon).
Then the total matter density (normalized to unity) is equal to
r2ρm(r) =
(1− Pin)ρexm3mN + Pinρinm(mN +md)
〈m〉 . (75)
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The r.m.s. radius of any distribution normalized to unity is defined by Eq. (65). The
denominator in Eq. (75) determines the average mass of the whole system with taking
into aount non-nuleoni hannels:
〈m〉 = (1− Pin)3mN + Pin(mN +md) = 3mN + Pin(md − 2mN ) > 3mN . (76)
Table 3. Isospin struture of 6qN hannel, average number of nuleons and average mass alulated
with the ground state wavefuntions of
3
H and
3
He in the DBM approah
3
H
3
He
DBM(I) DBM(II) DBM(I) DBM(II)
P int=1 0.6004 0.6005 0.6044 0.6044
P int=0 0.3996 0.3995 0.3956 0.3956
3N inp 0.799 0.799 2.209 2.209
3N inn 2.201 2.201 0.791 0.791
〈Np〉 0.919 0.945 1.863 1.908
〈Nn〉 1.861 1.906 0.920 0.947
〈N〉 2.780 2.852 2.784 2.855
〈m〉/3mN 1.015 1.010 1.014 1.010
In the Table 3 we present some harateristis of isospin struture for wavefuntions
in the 6qN hannel: the relative probabilities for the omponents with t = 0 and t = 1
(i.e., P int=0 and P
in
t=1), average numbers of protons and neutrons in all three 6qN ompo-
nents (3〈N{ p
n
}〉), and also the average number of nuleons 〈N〉 and the average mass 〈m〉
(divided by 3mN value) in the whole four-omponent 3N system. It should be noted that
the average number of nuleons in our multiomponent model, 〈N{ p
n
}〉, is always less than
the numbers of nuleons in 3N hannel just due to existene of the non-nuleoni ompo-
nents. For example for DBM(I), the average number of protons in
3
H is approximately
equal to the average number of neutrons in
3
He, viz. 〈Np〉(3H) ≈ 〈Nn〉(3He), and is equal
0.92 while the average number of neutrons in
3
H is approximately equal to the average
number of protons in
3
He, viz. 〈Nn〉(3H) ≈ 〈Np〉(3He), and is equal 1.86. Hene the
average number of nuleons found with the total multiomponent
3
H and
3
He funtions
is also always less than 3:
〈N〉 = 〈Np〉+ 〈Nn〉 = 3− 2Pin < 3.
In our DBM, 〈N〉 is equal 2.78 and 2.85 for versions I and II, respetively.
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The harge distributions. The harge distribution for the point-like partiles in the
6qN hannel an be written as the harge density of a system onsisting of a point-like
nuleon and a point-like bag:
r2ρinch−point(r) =
1
Z
〈
Ψin1
∣∣∣∣∣δ(r − αρ1)1 + τ
(1)
3
2
+ δ(r − (1− α)ρ1)(1 + tˆ3)
∣∣∣∣∣Ψin1
〉
, (77)
where 1+ tˆ3 is operator of the bag harge. The total harge radius in 6qN hannel inludes
the r.m.s. radius of this point-like distribution 〈r2〉inch−point, the nuleon harge radius (Rp
or Rn) and the harge bag radius Rd, whih depends on the bag isospin t and its projetion
t3:
〈r2〉inch = 〈r2〉inch−point +
1
Z
(
N inp R
2
p +N
in
n R
2
n +
〈
Ψin1
∣∣∣∣∣∑
t,t3
Γt,t3R
2
d(t, t3)
∣∣∣∣∣Ψin1
〉)
. (78)
The last term in Eq. (78) inludes the projetors Γt,t3 onto the 6q bag isospin state with
definite values of isospin t and its projetion t3 and is equal to (for the
3
H and
3
He states
with total isospin T = 1/2):
∆(r2ch)
in
bag =
1
Z
{
R2d(0, 0)P
in
t=0 +
(
1
3
R2d(1, 0) +
2
3
R2d(1, 1)δT3, 12
+
2
3
R2d(1,−1)δT3,− 12
)
P int=1
}
.
(79)
The own harge radius of the 6q bag R2d(t, t3) has, in general, different values in different
isospin states, (whih is related to the different multiquark dynamis in the hannels with
different isospin values) but we suppose in this work that their differene an be ignored,
viz.
R2d(0, 0) = R
2
d(1, 0) = R
2
d(1, 1) = R
2
d = b
2
0, b0 = 0.6 fm,
and R2d(1,−1) = 0 (whih orresponds to a nn-bag). (80)
With the above assumptions the 6q bag ontribution to the 3H and 3He harge radius is
redued to:
∆(r2ch)
in
bag =
R2d
Z
(
P in0 +
2 + 2T3
3
P in1
)
. (81)
The r.m.s. harge radius of whole multiomponent system is defined as:
r2ch = (1− Pin)〈r2〉exch + Pin〈r2〉exin .
In the Table 4 we give r.m.s. radii for all the above distributions in
3
H and
3
He found
in the impulse approximation, as well as the respetive experimental values and results
obtained for AV18(2N) + UIX(3N) fores. To demonstrate the separate ontributions
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Table 4. The total r.m.s. radii (in fm) for the proton (rp), neutron (rn), matter (rm), and harge
(rch) distributions in DBM approah and their separate values for external and internal hannels
Model
3
H
3
He
rp rn rm rch rp rn rm rch
DBM(I) 3N 1.625 1.770 1.723 1.779 1.805 1.648 1.754 1.989
6qN 1.608 1.823 1.142 1.188 1.854 1.618 1.159 1.412
Total 1.625 1.773 1.663 1.724 1.807 1.647 1.694 1.935
DBM(II) 3N 1.613 1.761 1.713 1.769 1.795 1.636 1.744 1.980
6qN 1.573 1.797 1.124 1.171 1.829 1.583 1.141 1.396
Total 1.613 1.762 1.672 1.732 1.796 1.635 1.703 1.944
AV18 + UIX
(a)
1.59 1.73 1.76 1.61
Experiment 1.60
(b)
1.755 1.77
(b)
1.95
a)
Taken from [53℄.
b)
These experimental values are taken from [53℄. They have been obtained by substration of the own
proton and neutron harge radii squared (0.743 and 0.116 fm
2
, respetively) from the experimental
values of the harge radii squared.
of the 3N and 6qN hannels to these observables, we also present the values alulated
separately with only nuleoni and 6qN parts of the total wavefuntion. It is seen from
the Table 4 that both versions of our model (viz. DBM(I) and DBM(II)) give quite
similar values for all the radii. The most interesting point here is the importane of 6qN
omponent ontributions. In fat, the ontribution of the 6qN hannel shifts all the radii,
i.e., rch and rp in
3
H and
3
He, predited with pure nuleoni omponents in our approah,
muh loser to the respetive experimental values. For example, the value rch = 1.822 fm
alulated for
3
H with only the nuleoni part of the wavefuntion is essentially larger
than the respetive experimental value 1.755 fm. However, an admixture of a rather
ompat 6qN omponent (rch = 1.22 fm) immediately shifts the
3
H harge radius down
to a value of 1.766 fm, whih is very lose to its experimental value.
Thus, the dibaryonnuleon omponent works in a right way also in this aspet. It
is interesting to note that, in general, the preditions of our two-phase model are quite
lose to those of the onventional pure nuleoni AV18 + UIX model. This means that
our multihannel model is effetively similar to a onventional purely nuleoni model (at
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least for many stati harateristis). However, this similarity will surely hold only for
the harateristis that are sensitive mainly to low-momentum transfers, while the prop-
erties and proesses involving high-momentum transfers will be treated in two alternative
approahes in ompletely different ways.
7.3. Coulomb displaement energy and harge symmetry breaking eets
The problem of aurate desription of Coulomb effets in
3
He in the urrent 3N
approah of the Faddeev or variational type has attrated muh attention for last three
deades (see, e.g., [49, 54℄ and the referenes therein to the earlier works). It is interesting
that the Coulomb puzzle in
3
He, being related to the long-range interations, is treated
in a different manner in our and onventional approahes.
The ∆EC problem dates bak to the first aurate 3N alulations performed on the
basis of the Faddeev equations with realisti NN interations in the mid-1970s [55℄.
These pioneer alulations first exhibited a hardly removable differene of a. 120 keV
between the theoretial predition for ∆EthC ≃ 640 keV and the respetive experimental
value ∆EexpC ≃ 760 keV. In subsequent 30 years, numerous aurate 3N alulations
have been performed over the world using many approahes, but this puzzle was still
generally unsolved. The most plausible quantitative explanation (but yet not free of
serious questions) for the puzzle has been reently suggested by Nogga et al. [49℄. They
have observed that the differene in the singlet
1S0 sattering lengths of pp (nulear part)
and nn systems (originating from the effets of harge symmetry breaking (CSB)) an
inrease the energy differene between
3
H and
3
He binding energies and thus ontribute
to ∆EC.
Our results obtained in this work with DBM give an alternative explanation of the
∆EC puzzle and other Coulomb effets in
3
He without any free parameter. The Coulomb
displaement energies ∆EC, together with the individual ontributions to the ∆EC-value,
are presented in Table 5.
We emphasize three important points, where our results differ from those for onven-
tional models.
(i) First, we found a serious differene between onventional and our approahes in the
short-range behavior of wavefuntions even in the nuleoni hannel. Conventional
3N wavefuntions are strongly suppressed along all three interpartile oordinates
rij due to the short-range loal repulsive ore, while our wavefuntions (in the 3N
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Table 5. Contribution of various terms (in keV) of the Coulomb interation to the
3
H
3
He mass
differene ∆EC
Contribution DBM(I) DBM(II) AV18 + UIX
Point Coulomb 3N only 598 630 677
Point Coulomb 3N + 6qN 840 782 
Smeared Coulomb 3N only 547 579 648
Smeared Coulomb 3N + 6qN 710 692 
np mass differene 46 45 14
Nulear CSB (see Table 6) 0 0 +65
Magneti moments and spin-orbit
a)
17 17 17
Total 773 754 754
a)
Here we use the value for this orretion from [49℄.
hannel) have stationary nodes and short-range loops along all rij and the third
Jaobi oordinates ρk. Suh a node along the ρ oordinate is seen also in the
6qN relative-motion wavefuntion. This very peuliar short-range behavior of our
wavefuntions leads to a strong enhanement of the high-momentum omponents
of nulear wavefuntions, whih is required by various modern experiments. On the
other hand, these short-range radial loops lead to signifiant errors, when using the
Coulomb interation between point-like partiles within our approah. Hene, we
must take into aount the finite radii of harge distributions in the proton and 6q
bag. Otherwise, all Coulomb energies will be overestimated.
(ii) Another important effet following from our alulations is a quite signifiant on-
tribution of the internal 6qN omponent to ∆EC. In fat, just this interation,
whih is ompletely missing in onventional nulear fore models, makes the main
ontribution (163 and 113 keV for versions I and II orrespondingly) to filling the
gap in∆EC between onventional 3N alulations and experiment if the CSB effets
are of little signifiane in ∆EC.
The large magnitude of this three-body Coulomb fore ontribution in our mod-
els an be explained by two fators: first, a rather short average distane 〈ρ2〉1/2
between the 6q bag and the third nuleon (whih enhanes the Coulomb interation
in the 6qN hannels) and, seond, a relatively large weight of the 6qN omponents,
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where the 6q bag has the harge +1 (i.e., it is formed from np pair). This speifi
Coulomb repulsion in the 6qN hannel should appear also in all other nulei, where
the total weight of suh omponents is about 10% and higher. Therefore, it should
strongly ontribute to the Coulomb displaement energies over the entire periodi
table and ould somehow explain the long-term NolenShiffer paradox [56℄ in this
way.
(iii) The third speifi effet that has been found in this study and ontributes to the
quantitative explanation of ∆EC is a strong inrease in the average kineti energy
〈T 〉 of the system. This inrease in 〈T 〉 has been already disovered in the first
early 3N alulations with the Mosow NN potential model [57℄ and results in a
similar nodal wavefuntion behavior along all interpartile oordinates but without
any non-nuleoni omponent.
The inrease in 〈T 〉 leads to the proportional inrease in the np mass differene
orretion to ∆EC. Sine the average kineti energy in our ase is twie the kineti
energy in onventional fore models, this orretion is expeted to be also muh
larger in our ase. Hene, we evaluate suh a orretion term in the following way
(without usage of the perturbation theory). In the onventional isospin formalism,
one an assume that the
3
H and
3
He nulei onsist of the equal-mass nuleons:
m =
mp +mn
2
,
so that mp = m+∆m/2, mn = m−∆m/2, where ∆m = mp −mn. The simplest
way to inlude the orretion due to the mass differene ∆m is to assume that all
partiles in
3
H have the average mass
m¯H =
2mn +mp
3
= m− 1
6
∆m,
while in
3
He they have the different average mass
m¯He =
2mp +mn
3
= m+
1
6
∆m.
In spite of smallness of the parameter ∆m/m, the perturbation theory in respet of
this parameter does not work. So we used the average mass m¯H in alulation of
3
H and m¯He in alulation of
3
He. The ontribution of this np mass differene to
the ∆EC value is given in the fifth row of Table 5. As is seen from the table, this
orretion is not very small in our ase and ontributes to ∆EC quite signifiantly.
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Many other effets attributed to inreasing the average kineti energy of the sys-
tem will arise in our approah, e.g., numerous effets assoiated with the enhaned
Fermi motion of nuleons in nulei.
Charge symmetry breaking effets in DBM. As was noted above, the best ex-
planation for the ∆EC value in the framework of onventional fore models published up
to date [49℄ is based on the introdution of some CSB effet, i.e., the differene between
nn and pp strong interations. At present, two alternative values of the nn sattering
length are assumed:
a(1)nn = −18.7 fm and a(2)nn = −16.3 fm. (82)
The first value has been extrated from the previous analysis of experiments
d(π−, γ)nn [58℄ (see also [59℄ and referenes therein) and is used in all urrent NN poten-
tial models, while the seond value in (82) has been derived from numerous three-body
breakup experiments n + d→ nnp done for the last three deades. In reent years, suh
breakup experiments are usually treated in the omplete Faddeev formalism, whih in-
ludes most aurately both two-body and 3BF [60℄. Thus, this a
(2)
nn value is onsidered
as a quite reliable one. However, the quantitative explanation for the ∆EC value in
onventional fore models uses just the first value of ann as an essential point of all the
onstrution. At the same time, the use of the seond value ann(= −16.3 fm) (whih is
not less reliable than the first one) invalidates ompletely the above explanation!
Therefore, in order to understand the situation more deeply and to determine the
degree of sensitivity of our predition for ∆EC to variation in ann, we made also 3N
alulations with two possible values of ann from Eq. (82). These alulations have been
arried out with the effetive values of the singlet-hannel oupling onstant orresponding
to the VNqN part of the NN fore:
λeff3He(
1S0) =
1
3
λpp +
2
3
λnp, (83)
λeff3H(
1S0) =
1
3
λnn +
2
3
λnp. (84)
In the above alulations, we employ the value λnp = 328.9 MeV that provides the
aurate desription of the
1S0 np phase shifts and the experimental value of the np
sattering length anp = −23.74 fm [24℄. Here, for pp-hannel we use the value λpp =
325.523 MeV fitted to the well-known experimental magnitude app = −8.72 fm and for
nn-hannel two λnn values orresponding to two available alternative values of the nn
sattering length (82) have been tested. The alulation results are presented in Table 6.
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Table 6. Contribution of harge symmetry breaking effets to the
3
H
3
He mass differene ∆EC
∆EC, keV
ann, fm DBM(I) DBM(II)
16.3 18 39
18.9 +45 +26
As is seen in Tables 5 and 6, the DBM (version I) an preisely reprodue the Coulomb
displaement energy ∆EC with the lower (in modulus) value ann = −16.3 fm, while this
model overestimates ∆EC by 54 keV (=45 + 9 keV) with the larger (in modulus) value
ann = −18.9 fm. Thus, the DBM approah, in ontrast to the onventional fore models,
prefers the lower (in modulus) possible value 16.3 fm of the nn sattering length, whih
has been extrated from very numerous 3N breakup experiments n + d→ nnp [60℄.
Now, let us disuss shortly the magnitude of CSB effets in our model. The measure
of CSB effets at low energies is used to onsider the differene between ann and so-
alled pure nulear pp sattering length aNpp that is found from pp sattering data, when
the Coulomb potential is disregarded. The model dependene of the latter quantity
was atively disussed in the 1970s1980s [6163℄. However, the majority of modern
NN potentials fitted to the experimental value app = −8.72 fm results in the value
aNpp = −17.3 fm, when the Coulomb interation is disarded. It is just the value that is
adopted now as an empirial value of the pp sattering length [64℄. Thus, the differene
between this value and ann is usually onsidered as the measure of CSB effets. However,
our model (also fitted to the same experimental value app = −8.72 fm) gives a quite
surprising result:
aNpp(DBM) = −16.57 fm, (85)
whih differs signifiantly from the above onventional value (by 0.8 fm) due to the
expliit energy dependene of the NN fore in our approah.
Thus, if the differene aNpp − ann is still taken as the measure of CSB effets, the
smallness of this differene obtained in our model testifies to a small magnitude of the
CSB effets, whih is remarkably smaller than the values derived from onventional OBE
models for the NN fore.
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8. DISCUSSION
The 3N results presented in the previous setion differ signifiantly from the results
found with any onventional model for NN and 3N fores (based on Yukawa's meson
exhange mehanism) and also from the results obtained in the framework of hybrid
models [65℄, whih inlude the two-omponent representation of the NN wavefuntion
Ψ = ΨNN +Ψ6q. It is onvenient to disuss these differenes in the following order.
(i) We found that the q2 dependene of pair NN fores on the momentum of the third
partile in the 3N system is more pronouned in our ase than in other hybrid
models [34, 48, 65, 66℄: the 3N binding energy dereases by a. 1.7 MeV, from
5.83 to 4.14 MeV when one takes into aount the q2-dependene (f. the first
and seond rows in Table 2). From more general point of view, it means that, in
our approah, pairwise NN interations (exept Yukawa OPE and TPE terms),
being embedded into a many-body system, loose their two-partile harater and
beome substantially many-body fores (i.e., depending on the momenta of other
partiles of the system).
(ii) Due to suh a strong q2 dependene (of repulsive harater), the 3N system al-
ulated inluding only the pairwise fores turns out to be strongly underbound
(E = −4.14 MeV). In other words, the pairwise NN fores (inluding their q2
dependene on the momenta of the third nuleon) give only about half the total 3N
binding energy, leaving the seond half for the 3BF ontribution. Therefore, the
following question is deisively important: an the 3BF (inevitably arising in our
approah) give the large missing ontribution to the 3N binding energy? Usefulness
of the developed model for the desription of nulear systems depends diretly on
the answer to this important question. It is appropriate here to remind that in the
onventional 3BF models suh as UrbanaIllinois or TusonMelbourne, the on-
tribution of 3BF to the total 3N binding energy does not exeed 1 MeV; i.e., this
ontribution an be onsidered as some orretion (∼ 15%), although it is signifiant
for the preise desription of the 3N system.
(iii) Fortunately, the ontribution of 3BF indued by OSE and TSE enables one to
fill this 4.3 MeV gap between the two-body fore ontribution and experimental
value. In fat, inluding both OSE and TSE ontributions to 3BF, taken with
the same oupling onstants and form fators as in the driving NN-fore model,
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together with a quite reasonable value for the σNN oupling onstant, gσNN = 8
10, one obtains the 3N binding energy that is very lose to the experimental value
(see rows 3, 4 and 6, 7 in Table 2). Thus, the presented fore model leads to a
very reasonable binding energy for the 3N system, however, with the murh larger
(as ompared to the traditional 3N fore model) ontribution of 3BF. In fat, the
unifiation of the basi 2N and 3N fore parameters provides a strong support for
the whole fore model suggested here and is in a sharp ontrast with all traditional
fore model based on t-hannel exhange mehanism. We remind to reader that
the 2N and 3N fores in onventional approahes (where the latter is indued by
an intermediate ∆-isobar prodution) are taken with different ut-off parameters
values ΛpiNN and ΛpiN∆ in 2N and 3N setors in order to explain the basi features
of 3N nulei and N + d sattering! Thus in the traditional approah, one has some
serious inonsisteny in parameter values for 2N and 3N setors.
(iv) The ontributions of the pairwise and different three-body fores to the total 3N
binding energy for
3
H are given in the fifth and sixth rows of Table 2. From the
results presented in this table, one an onlude that just the total 3BF ontribution
to the 3N binding energy dominates and, in fat, determines the whole struture
of the
3
H and
3
He ground states
11)
. Moreover, omparing the third and fourth
rows of the table, one an see a nonlinear effet of self-strengthening for the 3BF
ontribution. In fat, the omparison of the results presented in these rows of the
table (see the seond and the fifth olumns) shows learly that the binding energy
is almost proportional to the weight Pin of the 6qN omponent in the total 3N
wavefuntion. Thus, when the weight of the 6qN omponent inreases, the 3BF
ontribution, whih is related diretly only to this omponent of the total wave-
funtion, inreases aordingly. However, the enhanement of the pure attrative
3BF ontribution squeezes the 3N system and thus redues its r.m.s. radius, i.e.,
the mean distane between nuleons, whih, in turn, again inreases the weight of
the 6qN omponent. In other words, a some hain proess whih strengthens the
attration in the system arises. This proess is balaned both by the weakening
of the effetive pairwise interation due to the q2 dependene and by the repulsive
11)
It should be noted here that the relative ontribution of the pairwise effetive fore W (E) to the 3N
binding energy dereases notieably when inluding 3BF (due to strengthening of the q2 dependene
arising from the pairwise fores).
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effet of the orthogonalizing pseudopotentials inluded in eah pair interation.
There are two another important stabilizing fators weakening the strong three-
body attration in the 3N system. First, the generation of the short-range repulsive
vetor ω-field, where all three nuleons are lose to eah other [25℄. Sine the
ω-meson is heavy, this field is loated in the deep overlap region of all three nule-
ons. In the present study, we omitted the three-body ontribution of this repulsive
ω-field. This repulsive ontribution will keep the whole system from the further
ollapse due to the strong attrative 3N fore indued by the salar field.
The seond fator weakening slightly the effetive 3N attration is assoiated
with the onservation of the number of salar mesons generated in the 2N and
3N interation proess. The problem is that TSE giving the 3BF ontribution (see
Fig. 4) arises due to the break of the σ-meson loop, whih indues the main 2N fore.
In other words, the σ meson generated in the transition of pair nuleons from the
NN phase state to the 6q state is absorbed either in the 6q bag with losing the loop
or by the third nuleon, resulting in the 3BF ontribution. Thus, the appearane of
suh a 3BF should weaken the attration between nuleons in the pair. We arefully
estimated the effet of the meson-number onservation for the TSE ontribution on
the total 3N binding energy. Its magnitude ourred to be rather moderate in the
absolute energy sale (a. 0.30.4 MeV), but quite notieable within the whole TSE
ontribution. However, when the total nuleon density inreases (and the relative
TSE ontribution also inreases), the effet is enhaned.
(v) Dependene of the two-body oupling onstants λ(ε) upon the average momentum
of other nuleon in 3N system (see, e.g., Eq. (29)) an be interpreted generally as
a density dependene of the resulted many-body fore in many-nuleon system. It
is easy to show the appearane of the energy-dependent pairwise potentials of the
above-mentioned type leads inavoidably to a repulsive many-body fore. In other
words, the effets of the two-body interations of this type an be reinterpeted
in terms of the onventional stati interation as additional ontribution of the
effetive repulsive density-dependent many-body fore. For example, if to remove
the q2-dependene from the oupling onstant λ(E − q2/2m) of our two-body fore
(this q2-dependene leads to a weakening of the two-body fore in a many-nuleon
system, when q2 is rising), then the negleted q2-dependene must be ompensated
by an additional repulsive density-dependent effetive three-body fore. Thus we
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an replae this energy-dependent two-body interation by an effetive stati two-
body potential (as it is usually done) plus a repulsive density-dependent 3BF.
On the other hand, it is well known from the Skirme-model alulations of
nulei that just similar repulsive phenomenologial density-dependent 3BF should
be added to onventional 2N- and 3N-fores to guarantee the saturation properties
of heavy nulei. Thus, in this respet the present fore model is also in a qualitative
agreement with phenomenologial piture of nulear interations.
9. CONCLUSION
In this paper, we have developed a general formalism for the multiomponent desrip-
tion of the three-body system with partiles having inner degrees of freedom. We have
applied our new approah to studying 3N system with 2N and 3N interations based on
the dressed dibaryon intermediate state and σ-field generation. It has been shown that
the DBM applied to the 3N system results inevitably in new three-body salar and also
new (three-body) Coulomb fores due to the (strong + Coulomb) interation between the
dressed dibaryon and the third nuleon. These fores play a ruial role in the struture of
few-nuleon systems and very likely in whole nulear dynamis. Our aurate variational
alulations have demonstrated that new 3BF gives a half of the 3N binding energy,
whereas the 3BF ontribution in the traditional NN-fore approahes gives about 15% of
the total binding energy. Thus, the suggested approah to the NN and 3N interations
an lead to signifiant revision of relative ontributions of two- and many-body fores in
all nulear systems.
The developed model gives the preise value for the Coulomb displaement energy
∆EC of the A = 3 system. Two basi soures of this ontribution, whih differ from
onventional fore models, should be indiated here:
the three-body Coulomb fore between the dressed bag and the harged third nu-
leon; and
quite signifiant orretion to the kineti energy of the system due to the np mass
differene and high average kineti energy.
It should be emphasized that, ontrary to other studies based on onventional fore
models (using the 2N and 3N fores generated via the meson-exhange mehanism),
this explanation does not require any notieable CSB effet, although our model is still
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ompatible with suh effets. However, these CSB effets do not ontribute remarkably
to ∆EC in our approah.
It is ruially important that the DBM leads to a signifiant non-nuleoni omponents
in the 3N wavefuntion (811%), while this omponent in the deuteron is a. 3%, whih
results in a reformulation of many basi effets in few-nuleon systems and other nulei
as well. It is probable that the weight of suh non-nuleoni omponents in heavy nulei
an be even higher with an inrease in the mass number and nulear density.
There is a very speifi new interplay between two- and three-body fores: the stronger
the three-body fore, the smaller the attrative ontribution of the two-body fore to the
nulear binding energy! This gives a very important stabilization in nulei and nulear
matter. By this way, a very natural density dependene of nulear interations appears
from the beginning. Thus, the general properties of the 3N system, where fores so muh
differ from any onventional fore model, would appear also to be muh differ from the
preditions of any onventional model and, hene, from experiment.
Therefore, it was very surprising for us to find that the stati harateristis of the
3N system in our ase turned out to be very lose to the preditions of the modern
fore model (suh as AV18 + UIX) and thus to experiment. This gives us a good test
of the self-onsisteny and auray of the new fore model. However, preditions of
the present NN- and 3N -fore model in other aspets will strongly be deviated from
those for onventional models. First, these are the properties determined by the high-
momentum omponents of nulear wavefuntions. The point is that the system desribed
by our multiomponent wavefuntions inluding the dibaryon omponents expliitly an
easily absorb high-momentum transfers, whih an hardly be absorbed by the system
onsisting of nuleons only. Therefore, to fit the experimental data orresponding to large-
momentum transfers (∼ 1 GeV/c), many types of meson-exhange and isobar urrents are
often introdued into theoretial frameworks. However, these urrents are often unrelated
to the underlying fore model. Hene, it is rather diffiult to hek the self-onsisteny of
suh alulations, e.g., the validity of gauge invariane, et.
Numerous modern experiments ould orroborate these results. In partiular, aord-
ing to the reent experiments
3He(e, e′pp) [5℄ and their theoretial interpretation on the
basis of fully realisti 3N alulations, the ross setions for the 3He(e, e′pp) proess are
underestimated by about five times with a fully realisti 3N model and inorporation of
final state interation and meson-exhange urrents. This important onlusion has been
further onfirmed in reent experiments at the Jefferson Laboratory when the inident
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eletron beam energy has been inreased up to Ee = 2.2 and 4.4 GeV [7℄. The data of the
two different experiments give a lear evidene of very strong short-range NN orrelation
in the
3
He ground state. This orrelation still annot be explained within the traditional
pattern for the 3N system.
In addition, our approah has reently been partially supported [67℄ from the other
side by onsidering a model for 2π prodution in pp ollisions at Ep = 750 and 900 MeV.
The authors have found that almost all partile energy and angular orrelations (e.g.,
π+π−, pp, πpp, et.) an be explained quantitatively by assuming that π+π− prodution
ours through the generation of an intermediate light σ meson with the mass mσ ≃
380 MeV. These values generally agree with the parameters adopted in our NN model [8,
24℄ and drastially disagree with the values assumed in OBE and other potential models.
Very interesting general impliation of the results presented here is their evident in-
terrelation to the famous Waleka hadrodynami model for nulei [68℄. It is well known
that the Waleka model desribes nulei and nulear matter in terms of the salar σ- and
vetor ω-fields, where the σ-field gives the attrative ontribution, while the vetor ω-field
balanes this attration by short-range repulsion. It is very important that both basi
fields appear (in the model) as the expliit degrees of freedom (together with relativisti
nuleons), in ontrast to onventional meson-exhange models for nulear fores, where
mesons appear as the arriers of fores rather than as the expliit field degrees of free-
dom. Our approah does inlude the σ-meson (and potentially the ω-meson) degrees of
freedom in an expliit form, similarly to the Waleka model. Moreover, sine the average
kineti energy of the 3N system in our model is high (it is muh higher than that in the
onventional OBE approah), nuleon motion is loser to the relativisti ase, and thus
the similarity with the Waleka model gets even loser.
There is also an additional strong argument in favor of a tight interrelation between
our and the above Waleka-type nulear model. Very reently, we have formulated [38℄
the dibaryon model for NN interation in terms of relativisti effetive field theory with
the intermediate dibaryon being represented as a olor quantum string with olor quark
lusters at its ends. This theory inludes π, σ, ρ and ω-mesons as a dressing of the
dibarion together with the N∆ and ∆∆ loops. Thus, the 3N salar fore introdued in
the present work by hands an be derived in the field-theory Lagrange language within
the effetive field theory. Moreover, in the mean field approximation this effetive field
theory approah, being applied to nulei, should result in the WalekaSerot relativisti
model with the dominating olletive σ-field, whih ouples the nuleons in a nuleus
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together.
Thus, the alternative desription given here by the new fore model looks to be more
self-onsistent and straightforward than the onventional OBE-type models. One aspet
of this new piture is evident  the present model being applied to any eletromagneti
proess on nulei leads automatially to a onsistent piture of the proess as whole:
single-nuleon urrents at low-momentum transfers, meson-exhange urrents (inluding
new meson urrents) at intermediate-momentum transfers, and quark ounting rules at
very-high-momentum transfers, beause the model wavefuntion inludes expliitly mult-
inuleon, meson-exhange, and multiquark omponents.
From all the above-mentioned arguments one an onlude that the dibaryon onept
of nulear fore advoated in the work results in a new piture for nulear struture and
dynamis.
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APPENDIX
OVERLAP FUNCTIONS BETWEEN 3N SYMMETRIZED BASIS AND NN FORM
FACTORS AND MATRIX ELEMENTS OF DBM INTERACTIONS FOR A 3N
SYSTEM
1. The onstrution of basis funtions
The total wavefuntion in 3N hannel with the angular momentum (J,M) and the
isospin (T, Tz) is written as (below we omit the quantum numbers JMTTz):
Ψ(JMTTz)ex = Ψ
(1)
ex +Ψ
(2)
ex +Ψ
(3)
ex , (A.1)
Ψ(i)ex =
∑
γ,n
CγnΦ
(i)
γn (i = 1, 2, 3), (A.2)
where
Φ(i)γn(ri, ρi) = N
γ
nr
λ
i ρ
l
i exp(−αnr2i − βnρ2i )FJMTTzγ (rˆi, ρˆi) T (i)tjk . (A.3)
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We use the following notations: ri(pi) is the relative oordinate (momentum) of the pair
(jk), while ρi (qi) is the Jaobi oordinate (momentum) of the ith partile relative to the
enter of mass for the pair (jk), (i, j, k) = (1, 2, 3) or their yli permutations. Here the
omposite label γ = {λ l LSjk S tjk} represents the set of quantum numbers for the basis
funtions: the angular momenta λ and l orrespond to the Jaobi oordinates ri and ρi,
respetively, Sjk(tjk) is spin (isospin) of the two-body subsystem (jk), and L(S) is the
total orbital momentum (spin) of the system. The normalizing oeffiient in (A.3) is
Nγn = 2
λ+l+3
√
2α
λ+3/2
n β
l+3/2
n
π(2λ+ 1)!!(2l + 1)!!
. (A.4)
The spin-angular Fγ and isospin T (i)tjk parts of the basis funtion are defined by a
standard vetor-oupling sheme:
FJMTTzγ = |{λili : L}{sjsk(Sjk)si : S} : JM〉, (A.5)
T (i)tjk = |tjtk(tjk)ti : TTz〉, (A.6)
where si(= 1/2) and ti(= 1/2) are spin and isospin of the ith nuleon.
Now we define the symmetrized basis funtions as:
Φsymγn =
∑
i=1,2,3
Φ(i)γn, (A.7)
so that the total wavefuntion in an external (3N) hannel takes the form:
Ψex =
∑
γ,n
CγnΦ
sym
γn . (A.8)
2. Nuleonnuleon form fators
The NN form fators in the separable DBM interation and in the projetors
ϕ
JiMitdtdz
λiSd
(ri), orresponding to the orbital momentum λi, spin Sd, the total angular mo-
mentum (Ji,Mi), and isospin (tdtdz) of the subsystem (jk) (Ji = λi + Sd), have the
form:
ϕ
JiMitdtdz
λiSd
(ri) ≡ ϕf(ri) =
∑
m
Dfmr
λi
i exp(−12η2mr2i )Ff(rˆi) T (i)f , (A.9)
where
f ≡ {λi, Sd, Ji,Mi, td, tdz}, Ff = |λiSd : JiMi〉, T (i)f = |tjtk : tdtdz〉, (A.10)
and Dfm and ηm are linear and nonlinear parameters, respetively, of the Gaussian expan-
sion. (In this Appendix we have altered the notation for the quantum numbers of the
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NN form fator as ompared with the main text of the paper: we have replaed Li → λi
for the orbital momentum and also inluded the isospin quantum numbers td, tdz .) In
the single-pole approximation the DBM inludes only one form fator for eah set f , so
that index f determines the form fator uniquely. In the present version of DBM we use
only 0S, 2S, and 2D osillator funtions as the form fators. So, we need to expand in
Gaussians the 2S funtion only.
3. Overlap integrals
The total overlap funtion (49)
χ
JiMitdtdz
λiSd
(i) ≡ χf(i) = 〈ϕf(i)|Ψex〉 =
∑
γn
Cγn 〈ϕf(i)|Φsymγn 〉 (A.11)
and also matrix elements (m.e.) of any DBM interation inlude the overlap integrals
between the form fators ϕf and symmetrized basis funtions Φ
sym
γn :
If,γn(i) (ρi) = 〈ϕf(ri)|Φsymγn 〉. (A.12)
This overlap integral onsists of three terms:
If,γn(i) = I
f,γn
(i)i + I
f,γn
(i)j + I
fγn
(i),k, (A.13)
namely, one diagonal (I(i)i) and two non-diagonal ones:
If,γn(i)j (ρi) = 〈ϕf(ri)|Φ(j)γn(rj , ρj)〉 = 〈T (i)f |T (j)tik 〉
∑
m
DfmN
γ
n×
×
∫
rλii exp(−12η2mr2i )rλj ρlj exp(−αnr2j − βnρ2j) 〈Ff(rˆi)|Fγ(rˆj, ρˆj)〉d3ri. (A.14)
Due to symmetry of the basis funtions Φsymγn , three overlap integras I
f,γn
(i) (ρi) (i =
1, 2, 3) are idential, so that further we present formulas for the ase of i = 2. For
example,
χf (2) =
∑
γn
Cγn
(
If,γn(2)2 + I
f,γn
(2)1 + I
f,γn
(2)3
)
(A.15)
(i) Diagonal overlap integrals I(2)2:
If,γn(2)2 (ρ2) =
∑
Jm
Gε22ρ
l
2 exp(−βnρ22) YJ JiJMl (ρˆ2) δtdt31 X tdtdz2 ; ε ≡ {γ, f,J , m}; (A.16)
where
Gε22 = δλλiδSdS31(−1)λ+l+LDfmNγn
(2λ+ 1)!!
√
π[L][S][Ji][J ]
2λ+2 α
λ+3/2
nm


l 1
2
J
λ S31 Ji
L S J

 , (A.17)
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[X ] ≡ 2X + 1, (A.18)
αnm = αn +
1
2
η2m, (A.19)
YJ JiJMl (ρˆ2) = 〈JmJ JiMi|JM〉 YJmJl1/2 (ρˆ2), (A.20)
X tdtdz2 = 〈tdtdz 12t2z |TTz〉 |t2t2z〉. (A.21)
(ii) Non-diagonal overlap integrals:
If,γn(2)1 (ρ2) = (−1)Sd+S23
∑
J g,t,m
Gε˜21ρ
t
2 exp(−ωnmρ22)YJ JiJMg (ρˆ2)τ21(td, t23)X tdtdz2 , (A.22)
If,γn(2)3 (ρ2) = (−1)λi+λ
∑
J g,t,m
Gε˜21ρ
t
2 exp(−ωnmρ22)YJ JiJMg (ρˆ2)τ23(td, t12)X tdtdz2 , (A.23)
where
ε˜ ≡ {γ, n, f,J , g, t,m}, (A.24)
Gε˜21 =
∑
ξ
G21(γ, n, f,J , g,m, ξ)δt,λi+λ+l−L1−L3−L4 , ξ ≡ {L1, L2, L3, L4, j4, g1, g4}.
(A.25)
In Eq. (A.24) the summation is arrying out over all intermediate quantum numbers
inorporated into the omposite index ξ. Note that the overlap funtions I(2)1 and I(2)3
are distinguished by a phase fator and isospin funtions only.
The algebrai oeffiients G21 in (A.25) are equal to
G21(γ, n, f,J , g,m, ξ) = (−1)Ji+g1+L+1/2−JDfmNγn AλiL10λi0L1(λi−L1)(Pnm)ALL3L4λlL1j4 (Qnm)×
× [g1][g4]
√
[λi][L][S][S23][Sd][Ji][λi−l][j4][J ]
(2µnm)
L1+L3+L4+3
2
×
×Γ(L1+L3+L4+32 ) 〈(λi−L1)0j40|g0〉

 (λi − L1) L1 λiS0 j g1

×
×


1
2
1
2
S23
1
2
S Sd



 J (λi−L1) g4j4 12 g



 J J Ji(λi−L1) g1 g4




j4
1
2
g4
L1 Sd g1
L S J

 . (A.26)
In the formulas (A.22), (A.23), (A.26) the following notations are used:
µnm = µn +
1
2
η2m; ωnm = νn −
σ2n
4µnm
, (A.27)
where
µn =
1
4
αn +
3
4
βn; νn =
3
4
αn +
1
4
βn; σn =
√
3
2
(αn − βn); (A.28)
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The oeffiients A in(A.26) are related to rotation of the basis funtions from one
Jaobi set to other one:
ALL1L2λlj1j2 (Rˆ) = (−1)λ+l(R11)L1(R12)λ−L1(R21)L2(R22)l−L2

 L1 L2 J1
0 0 0



 λ−L1 l−L2 J2
0 0 0

×
×
√
[λ]![l]![λ][l][L1][L2][λ− L1][l − L2][j1][j2]
[L1]![L2]![λ− L1]![l − L2]!


L1 λ−L1 λ
L2 l−L2 l
j1 j2 L

 . (A.29)
The rotation matries Pnm and Qnm in (A.26) have the forms:
Pnm =

 1 − σn2µnm
0 1

 , (A.30)
Qnm =

 −12 −√32√
3
2
−1
2

Pnm. (A.31)
The overlaps between the basi isospin funtions τik are equal to:
τij(t
′
jk, tik) ≡ 〈T (i)t′
jk
|T (j)tik 〉 =
=


δt′
jk
tjk for i = j,√
(2t′jk + 1)(2tik + 1)


1
2
1
2
t′jk
1
2
T tik

×

 (−1)
tik
for (ij) = (13), (21), (32),
(−1)t′jk for (ij) = (12), (23), (31).
(A.32)
4. Conversion to momentum representation
One of the advantages of Gaussian basis is the fat that Gaussian funtions have the
same form in both the oordinate and momentum representations. So expressions for the
overlap integrals given below in the oordinate representation an be diretly used for the
alulation of m.e. of DBM interation operators in the momentum representation. We
use a symmetrized momentum representation:
f(p) =
∫
f(x)eip·x
d3x
(2π)3/2
. (A.33)
Therefore, due to properties of the Gaussian funtions, the (normalized) basis funtions
Φ
(i)
γn(pi,qi) in momentum representation have the same form (A.3):
Φ(i)γn(pi,qi) = N˜
γ
np
λ
i q
l
i exp(−α˜np2i − β˜nq2i )FJMTTzγ (pˆi, qˆi) T (i)tjk , (A.34)
54
where
α˜n =
1
4αn
, β˜n =
1
4βn
. (A.35)
Moreover, as all the NN form fators (A.9) are the sums of Gaussians, the form of
the overlap integrals (A.16)-(A.29) keeps invariable when passing from oordinate to
momentum representation, if one replaes in these formulas:
αn → α˜n, βn → β˜n, ηm → η˜m = 1
ηm
. (A.36)
Below we use the symbols with tilde for designation of the orresponding quantities in
momentum representation, e.g., α˜nm = α˜n + 1/2η˜m, et.
5. Matrix elements for DBM operators
All quantities related to the non-nuleoni hannels in DBM an be expressed in mo-
mentum representation as the sums of integral operators with fatorized kernels (see
Eq. (36)):
ODBM(i) = ϕf ′(pi)O
f ′f (q′i,qi;E)ϕf(pi). (A.37)
Therefore the m.e. of suh an operator is equal to the sum of the m.e. for one-partile
operators Of
′f(q′i,qi;E) between the overlap funtions χf(qi):
M2 = 〈Ψex|ODBM(2) |Ψex〉 =
∑
ff ′
〈χf ′(2)|O(2)|χf(2)〉 =
∑
γn,γ′n′
Cγ
′
n′C
γ
n
∑
i,j=1,2,3
Mf
′γ′n′
fγn (i2j), (A.38)
where Mf
′γ′n′
fγn (i2j) are the orresponding basis m.e.:
Mf
′γ′n′
fγn (i2j) = 〈If
′,γ′n′
(2)i |O(2)|If,γn(2)j 〉. (A.39)
Any salarisosalar operator O(q − q′), whih does not depend on spin and isospin
variables (e.g., the DBM two-body fore, the projetor, the 3BF due to σ-exhange, the
norm of non-nuleoni omponent), an be expanded into spherial harmonis as:
O(q′ − q) =
∑
LM
OL(q
′,q)Y ∗LM(qˆ
′)YLM(qˆ) (A.40)
In this ase the spin-angular and isospin parts of the overlaps give:
∑
M
〈YJ ′JiJMg′ (qˆ′)|Y ∗LM(qˆ′)YLM(qˆ)|YJ JiJMg (qˆ2)〉 = δJ ′J δg′LδgL, (A.41)
∑
tdz
〈X t′dt′dz |X tdtdz 〉 = δt′
d
td . (A.42)
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Therefore, nine m.e.'s for suh an operatorM(i2j) ≡Mi2j (i, j = 1, 2, 3) an be redued
to radial integrals of four types (here we omit the indies fγn, f ′γ′n′ for brevity):
M222 = δJ ′
i
Jiδl′lδt′13t13R222,
M122 = (−1)Sd+S′23 τ12(t′23, td)R122,
M322 = (−1)λ′i+λ′ τ32(t′12, td)R122,
M221 = (−1)Sd+S23 τ21(t23, td)R221,
M223 = (−1)λi+λ τ23(t12, td)R221,
M121 = (−1)S23+S′23 τ12(t′23, td)τ21(t23, td)R121,
M323 = (−1)λ+λ′+λi+λ′i τ32(t′12, td)τ23(t12, td)R121,
M123 = (−1)Sd+S′23+λi+λ τ12(t′23, td)τ23(t12, td)R121,
M321 = (−1)Sd+S23+λ′i+λ′ τ32(t′12, td)τ21(t23, td)R121.
Here,
R121 =
∑
JJ ′gg′,mm′tt′
Gε˜
′
21G
ε˜
21δJJ ′δgg′R
t′t
g (ω˜n′m′ , ω˜nm;O), (A.43)
R122 =
∑
JJ ′g′,mm′t′
Gε˜
′
21G
ε
22δJJ ′δg′lR
t′l
l (ω˜n′m′ , β˜n;O), (A.44)
R221 =
∑
JJ ′g,mm′t
Gε
′
22G
ε˜
21δJJ ′δgl′R
l′t
l′ (β˜n′ , ω˜nm;O), (A.45)
R222 =
∑
JJ ′,mm′
Gε
′
22G
ε
22δJJ ′R
ll
l (β˜n′, β˜n;O), (A.46)
Rt
′t
L (ω˜
′, ω˜;O) =
∞∫
0
∞∫
0
(q′)t
′+2qt+2e−ω˜
′(q′)2 e−ω˜q
2
OL(q
′, q)dq′ dq. (A.47)
Below we give the expliit formulas for the radial integrals Rt
′t
L for all speifi terms of
the DBM interation.
Projetor. The total projetor onto the state ϕJiλi,Sd has the form:
Γf¯ ≡ ΓJiλi,Sd =
∑
Mi,tdz
|ϕJiMitdtdzλi,Sd 〉δ(q− q′)〈ϕ
JiMitdtdz
λi,Sd
|. (A.48)
After expanding the δ-funtion into partial waves:
δ(q− q′) =
∑
LM
Y ∗LM(q
′)YLM(q)δ(q − q′)/q2, (A.49)
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the orresponding operator OL in Eq. (A.47) is redued to
Γf¯L =
δ(q − q′)
q2
, (A.50)
and the radial integral for projetor takes the form:
Rt
′t
L (ω˜
′, ω˜; Γf¯) =
Γ( t
′+t+3
2
)
2(ω˜′ + ω˜)
t′+t+3
2
, (A.51)
where Γ(x) is the gamma-funtion.
Effetive two-body DBM interation. Aording to Eq. (29), the two-body DBM
interation in the 3N system (between nuleons 1 and 3) has the form:
W2 =
∑
Ji,λ′iλi
W Jiλ′iλi
(p′2,p2;q
′
2,q2;E), (A.52)
where
W Jiλ′iλi
=
∑
Mi
|ϕJiMiλ′i,Sd〉δ(q− q
′)λJiλ′iλi(E−q
2/(2m˜))〈ϕJiMiλi,Sd|, (A.53)
therefore {
W Jiλ′iλi
}
L
=
δ(q − q′)
q2
λJiλ′iλi
(E−q2/(2m˜)). (A.54)
In the present version of DBM we employed a rational approximation for the energy
dependene of the oupling onstant λJLL′(E) [24℄:
λJLL′(E) = λ
J
LL′(0)
E0 + aE
E0 −E , (A.55)
where the parameters E0 and a an be taken to be the same for all λ's. We found that
this simple rational form an reprodue quite aurately the exat energy dependene of
the oupling onstants λJLL′(E) alulated from the loop diagram in Fig. 1. Therefore, in
the 3N system the orresponding oupling onstants λJiλ′iλi
take the form:
λJiλ′iλi
(E−q2/(2m˜)) = λJiλ′iλi(0)
(
−a + (a+ 1) E0
E0 −E
1
1 + q
2
2m˜(E0−E)
)
. (A.56)
The first term in Eq. (A.56) leads to the expression for the radial matrix element like
(A.51). For alulating the seond term we expand the funtion 1/(1 + q2) into a sum of
Gaussians:
1
1 + q2/q20
=
∑
M
BM exp(−θMq2/q20), (A.57)
where q20 = 2m˜(E0 − E) > 0 (for E < E0) and the expansion parameters {BM, θM} are
universal onstants. Then the total m.e. for two-body DBM interation W2 takes the
form:
Rt
′t
L (ω˜
′, ω˜;W f¯
′f¯
2 ) = λ
Ji
λ′iλi
(0)
(
−aRt′tL (ω˜′, ω˜; Γf¯
′f¯ )+
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+(a+ 1)
E0
E0−E
∑
M
BM
Γ( t
′+t+3
2
)
2(ω˜′ + ω˜ + θM/q20)
t′+t+3
2
)
. (A.58)
Norm of 6qN omponent. The norm of 6qN omponent of the total 3N wavefun-
tion determined by Eq. (34) an be expressed via a sum of the m.e. of the operator:
N (q′,q) = − d
dE
λJiλ′iλi
(E−q2/(2m˜)) δ(q′ − q). (A.59)
For the energy dependene suh as in Eq. (A.55) the derivative takes the form:
− d
dE
λ(E) = λ(0)
1
(E0−E)2 . (A.60)
Therefore,
Rt
′t
L (ω˜
′, ω˜;N f¯ ′f¯) = λJiλ′iλi(0)
E0(1 + a)
(E − E0)2
∑
M′M
B′M′BM
Γ( t
′+t+3
2
)
2(ω˜′ + ω˜ + (θM + θ′M)/q
2
0)
t′+t+3
2
.
(A.61)
Three-body fore due to OME.
When alulating the matrix elements for 3BF due to OME (Eq. (37)), viz.:
OMEW
J ′iJi
λ′iλi
(q′i,qi;E) =
∫
dk
B
J ′i
λ′i
(k′)
E − Eα − q
′
i
2
2m
V OME(q′i,qi)
BJiλi (k)
E −Eα − q
2
i
2m
, (A.62)
we use a similar trik as in the alulation of the norm for the 6qN omponent. It enables
us to exlude the vertex funtions BJiλi(k) from the formulas for the matrix elements. By
replaing the produt of propagators in the integral (over the meson momentum k in
Eq. (A.62)) with their differene, one obtains the following expression free of the vertex
funtions:
∫ BJiλ′i(k)BJiλi(k)
(E−ε(k)− q2
2m
)(E−ε(k)− q′2
2m
)
dk =
λJiλ′iλi
(E− q′2
2m
)− λJiλ′iλi(E−
q2
2m
)
q′2 − q2 =
= ∆λJiλ′iλi
(q′, q) (A.63)
This quantity is the finite-differene analogue of the derivative of λ with respet to q2,
whih, in the ase of the energy dependene (A.55), takes the form:
∆λ(q′, q) = λ(0)E0(1+a)
1
E−q2/2m
1
E−q′2/2m. (A.64)
Thus, the matrix elements for OME an be found without expliit usage of the vertex
funtions BJiλi (k).
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Three-body fore due to OSE. The exhange operator for salar mesons does not
inlude any spinisospin variables. Therefore, Eq.(A.62) an be simplified and, in view of
the energy dependene given in Eq. (A.55), redues to the form
OSEW
J ′iJi
λ′iλi
(q′i,qi;E) = δJ ′iJiλ
Ji
λ′iλi(0)
E0(1 + a)×
× 1
E−E0− q
2
i
2m
−g2σNN
(qi − q′i)2 +m2σ
1
E−E0− q
′
i
2
2m
. (A.65)
Using the expansion of the OME interation into partial waves:
1
(q′i − qi)2 +m2σ
=
∑
LM
Y ∗LM(q
′)
QL(z)
2qq′
YLM(q), (A.66)
where mσ is mass of σ meson, QL(z) is Legendre funtion of the seond kind, and
z =
q′2 + q2 +m2σ
2q′q
,
one gets the following radial integral for OSE m.e.:
Rt
′t
L (ω˜
′, ω˜; OSEW
f¯ ′f¯
) = g2σNNλ
Ji
λ′iλi
(0)
E0(1 + a)
(E − E0)2
∑
M′M
B′M′BMR(t′, ω˜′ + θ′, t, ω˜ + θ;L,mσ),
(A.67)
where
R(t′, ω′, t, ω;L,m) =
∫ ∫
(q′)t
′+2e−ω
′q′2QL(z)
2qq′
qt+2e−ωq
2
dq′dq (A.68)
We alulate integrals like those in Eq. (A.68) in the following way. In the integral
(A.68) t′ ≥ L, t ≥ L and it an be shown that t′ − L and t − L are the even numbers.
Introduing the auxiliary indies k and k′, so that
t = L+ 2k t′ = L+ 2k′,
the integral (A.68) an be written as
R(L+ 2k′, ω′, L+ 2k, ω;L,m) =
(
− ∂
∂ω′
)k′ (
− ∂
∂ω
)k
R(L, ω′, L, ω;L,m). (A.69)
The last integral with t = t′ = L is easily alulated in oordinate representation. Using
the well-known formulas
QL(
q′2+q2+m2
2q′q
)
2qq′
=
∞∫
0
jL(q
′ρ)
e−mρ
ρ
jL(qρ)ρ
2dρ (A.70)
and √
2
π
∞∫
0
e−βq
2
qL+2jL(qρ)dq =
ρL
(2β)L+3/2
e−
ρ2
4β , (A.71)
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we get the result:
R(L, ω′, L, ω;L,m) = 1
(4ωω′)L+3/2
JYukL ((ω
−1 + ω′−1)/4, m), (A.72)
where
JYukL (b,m) =
∞∫
0
ρ2L+2
e−mρ
ρ
e−bρ
2
dρ. (A.73)
This integral of Yukawa potential is alulated by reursions:
JYukL (b,m) =
1
mL+1
ZL(x), x =
m
2
√
b
, (A.74)
where
Z0(x) =
√
πxex
2
(1− erf(x)), (A.75)
Z1(x) = 2x
2(1− Z0(x)), (A.76)
ZL(x) = 2x
2 ((k − 2)ZL−2(x)− ZL−1(x)). (A.77)
These reursions (espeially for large L) for funtions Z(x) and also expressions (A.75)
(A.76) for Z0 and Z1 annot be used for large values of x. So, at large x we use the
following asymptoti series:
JYuk2L (b,m) =
∞∑
i=0
(
− 2b
m2
)i
(2L+ 2i− 1)!!(L+ i)!
i!
, (A.78)
JYuk2L+1(b,m) =
∞∑
i=0
(
− 2b
m2
)i
(2L+ 2i+ 1)!!(L+ i)!
i!
. (A.79)
Three-body fore due to OPE. For OPE, we take the interation operator in the
standard form
V
(i)
OPE = −
g2piNN
(2mN )2
(σ(i) · p) 1
p2 +m2pi
(Sd · p)(τ (i) ·Td), p = q− q′, (A.80)
where σ(i) and τ (i) are the spin and isospin operators of the third (ith) nuleon, whereas
Sd and Td are the operators of the total spin and isospin of the 6q bag, respetively. We
found that the ontribution of OPE is so small that it is suffiient to inlude only S waves
in its evaluation. In this ase, the entral part of the OPE interation only is remained:
V OPEc = g
2
piNN
m2pi
(4mN)2
1
3
(σ(i) · Sd)(τ (i) ·Td) 1
p2 +m2pi
. (A.81)
The spinisospin matrix element is nonzero only for a singlettriplet transition:
〈Sd=0, Td=1|1
3
(σ(i) · Sd)(τ (i) ·Td)|Sd=1, Td=0〉 = 4
9
. (A.82)
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Then, the matrix element of the OPE ontribution for S-waves takes the form (for Sd=
0, S ′d=1 or Sd=1, S
′
d=0):
R000 (ω˜
′, ω˜; OPEW
f¯ ′f¯
) =
4
9
f 2piNN
√
λ000(0)λ
1
00(0)
E0(1 + a)
(E − E0)2 ×
×
∑
M′M
B′M′BMR(0, ω˜′ + θ′, 0, ω˜ + θ; 0, mpi). (A.83)
Here, we take the vertex funtions B00 and B
1
0 differing from eah other by a onstant
only. Therefore, using Eq. (A.63), one an exlude these funtions from the formula for
the matrix element.
Three-body Coulomb fore. The m.e. of the operator for three-body Coulomb
fore (60) (for point-like harges) an be expressed in terms of the integrals over the
overlap funtions χf(q):
Mi2j(
CoulW ) = e2
∑
JiMiLiL′i
λJiLiL′i
(0)(1 + a)
∫ 〈If ′,γ′n′(2)i (q′)| 1+τ (2)32 (1 + tˆdz)|If,γn(2)j (q)〉
(E−E0− q22m) (q−q′)2 (E−E0− q
′2
2m
)
dq dq′,
(A.84)
where (1+τ
(2)
3 )/(2) is the operator of the nuleon harge (nuleon with number 2). The
isospin part of this m.e. is equal to:
τCoul(td) =
∑
tdz
〈
X tdtdz
∣∣∣∣∣1+τ
(2)
3
2
(1 + tdz)
∣∣∣∣∣X td
〉
=

 1, for td = 0,1
3
, for td = 1.
(A.85)
Thus, for alulation of 3BF Coulomb m.e. one an apply the formulas Eqs. (A.69)(A.79)
for isosalar operator with this additional isospin fator (A.85):
Rt
′t
L (ω˜
′, ω˜; CoulW
f¯ ′f¯
) = δt′
d
td τ
Coul(td)e
2λJiλ′iλi
(0)
E0(1 + a)
(E − E0)2
∑
M′M
B′M′BMRCoul(t′, ω˜′+θ′, t, ω˜+θ;L).
(A.86)
Here the Coulomb integral RCoul(t, ω′, t, ω;L) for the point-like harges is obtained from
Yukawa integral R (A.68) by putting m = 0:
RCoul(t′, ω′, t, ω;L) = R(t′, ω′, t, ω;L, 0). (A.87)
Hene these Coulomb integrals are redued by differentiating (see Eq. (A.69)) to the
integrals:
RCoul(L, ω′, L, ω;L) = 1
(4ωω′)L+3/2
∞∫
0
ρ2L+2
1
ρ
e−
ρ2
4
(ω−1+ω′−1)dρ ≡
≡ 1
(4ωω′)L+3/2
JCoulL ((ω
−1 + ω′−1)/4), (A.88)
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JCoulL (b) =
Γ(L+ 1)
2bL+1
. (A.89)
Now, we an replae the Coulomb potential 1/ρ between the point-like harges in the
integrand in Eq. (A.88) with the orresponding Coulomb potential between the smeared
harges:
JCoulL (b, a) =
∞∫
0
ρ2L+2
erf(ρ
√
a)
ρ
e−bρ
2
dρ. (A.90)
The latter integral is evaluated analytially in the form of a finite sum:
JCoulL (b, a) =
1
2
1
aL+1
L∑
k=0
CkL
k!
( b
a
)k+1
(2L− 2k + 1)!!
2L−k( b
a
+ 1)L−k+1/2
, (A.91)
where CkL are the binomial oeffiients.
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